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ABSTRACT

The impact of phycotoxins and mycotoxins on human and animal health are of
important concern for worldwide authorities and the scientific community. Liquid
chromatography-mass spectrometry (LC-MS) techniques have been developed, optimised
and validated for the analysis of these toxins.
Phycotoxins are potentially toxic substances, which are produced by marine
phytoplankton and which may accumulate in shellfish or finfish. Azaspiracid poisoning
(AZP) is a recently discovered syndrome that has been implicated in several incidents of
human intoxications. A study was undertaken to examine the distribution of azaspiracids
(AZA) in scallops {Pecten maximiis) and mussels {Mytiliis edulis). Domoic acid (DA) is
an amino acid neurotoxin responsible for amnesic shellfish poisoning (ASP). A new
protocol was developed and validated for the simultaneous determination of both
phycotoxins in shellfish matrix.
Mycotoxins are generally considered to be toxic substances produced by certain types
of fungi, which grow on plants of agricultural importance either before harvest or during
storage. Trichothecenes are a group of naturally occurring sesquiterpenoids produced by
Fusariwn and other species. A new protocol was developed and validated for the rapid
screening of seven trichothecenes in beer. A study of comparison using three different
ionisation sources was also conducted with a triple quadrupole mass spectrometer.
Multiple tandem mass spectra of these compounds are often characterised by water and
carboxylic acid losses fragments. Detailed MS" studies using the quadrupole ion trap
(QIT MS) and time of flight (QqTOF) MS were undertaken in order to elucidate the
fragmentation pathway for the mam trichothecenes.
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APPENDIX I

ABBREVIATIONS
APCI- Atmospheric pressure chemical ionisation
API 3000- Triple quadrupole mass spectrometer
APPI- Photoionspray
ASP- Amnesic shellfish poisoning
AZAs- azaspiracids
AZP- Azaspiracid poisoning
BTX- Brevetoxins
CAD- Collision gas
CE- Capillary electrophoresis
CID- Collision induced dissociation
DA- Domoic acid
DACS- Domoic acid certified standard
DAD- Diodo array
DCI- Desorption chemical ionisation
DNA- Deoxyribonucleic acid
DP- Dedusting potential
DSP- Diarrhetic shellfish poisoning
DTX- Dynophisis toxins
ELISA- Enz>Tne-Linked Immunosorbent Assay
ESI- Electrospray ionisation
FAB- Fast atom bombardment
Frit-FAB- Frit- Fast atom bombardment
FIA- Flow injection analysis
FED- Fluorescence detection
FP- Focusing potential
GC- Gas chromatography
HPLC- High perfonnance liquid chromatography

IRD- Ion release delay
IRW- Ion release width
LC-MS" - Liquid chromatography tandem mass spectrometry (n=l, 2... 10)
MRM- Multireaction monitoring
m/z- mass to charge ratio
MUS-IB -Certified mussel tissue
NSP- Neurotoxic shellfish poisoning
OA- okadaic acid
PSP- Paralytic shellfish poisoning
PSP- Plasmaspray
PTX- Pectenotoxins
PTX-2SA- Pectenotoxin-2- secoacid
Qi -First quadrupole
q2 -Second quadrupole
Q3 -Third quadrupole
Off- Quadrupole ion trap
QqTOF- Quadrupole time of Tight
r"- correlation co-efficient
RCE- Relative collision energy
RNA- Ribonucleic acid
RSD- Relative standard deviation
SFC- Supercritical fluid chromatography
SPE- Solid phase extraction
TIC- Total ion chromatogram
TISP- Turbo ion spray
TEC- Thin layer chromatography
TOF- Time of flight
TR- Trichothecenes
TSP- Thermospray
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SECTION A

“PHYCOTOXINS’

Chapter 1

“Introduction to Phycotoxins'

Marine toxins that are produced by phytoplankton are classified as phycotoxins. Toxic
impacts, due to phycotoxins, are well known and the earliest recorded event was in the book of
Exodus where a plague that “destroyed fish and turned water to blood” is described (Exodus
7:20-21). Since then, many episodes have been evidenced worldwide.
One of the first fatal human poisonings recorded happened in 1793, when Captain George V
Vancouver and his crew landed in an area known as Poison Cove in British Columbia. He
realised that in local Indian tribes it was taboo to eat shellfish when the seawater turned
phosphorescent due to dinoflagellate blooms [1].
Another event came to the attention of Alfred Hitchcock in 1961 when reading a local
newspaper (The Santa Cmz Sentinel) about a bizarre attack by crazy seabirds in Monterey,
California. Inspired by this report, he directed his famous film “The Birds”, Scientists now
believe that these neurotoxic effects on birds were a result of domoic acid poisoning [2].
Several number of phytoplankton species produce toxins that can be accumulated by
shellfish. Toxins enter the human food chain due to consumption of contaminated bivalve
molluscs [3]. The five main classes of shellfish poisoning syndromes are NSP (neurotoxic
shellfish poisoning), PSP (paralytic shellfish poisoning), DSP (diarrhetic shellfish poisoning),
ASP (amnesic shellfish poisoning) and AZP (azaspiracids shellfish poisoning).

1.1 Overview of Marine shellUsh toxins

1.1.1 Neurotoxic Shellfish Poisoning (NSP)
Neurotoxic Shellfish Poisoning (NSP) is a neurotoxic syndrome that is the result of human
consumption of contaminated shellfish. The organisms responsible for the production of these
polyether toxins are Ptychodiscus brevis (formerly Gymnodinium breve) [4], [5] and Karenia
brevis [6]. The first incident reported date back to 1844 when Ptychodiscus brevis was identified
from a phytoplankton bloom in the Gulf of Mexico [7]].
The victims complained of nausea, diarrhea, vomiting, poor coordination, sweating, anxiety,
sometimes irritation of eyes and throat, hot and cold sensation reversal [4]. In addition to this,
NSP toxins are icthytoxic and capable of producing considerable fish kills. When fish swim
through a toxic bloom of Gymnodinium breve, the toxin is released onto the gills of the fish
causing asphyxiation [8], [9]. No human fatalities have been reported from this syndrome.
1

The first member of this class to be isolated and structurally elucidated was Brevetoxin B.
Brevetoxins and analogues, have a ladder structure consisting of transfused polyether rings [10],
[11]. They are composed of two structurally different backbones, Brevetoxin A and B (Fig. 1.1,
1.2 and 1.3). Recently, more brevetoxins have been identified and structurally elucidated [12],
[13], [14]. Studies of the metabolic products produced by shellfish have led to the discovery of
new brevetoxin analogues, including BTXB or Pbtx-3, BTXB2, BTXB3, these were isolated
from greenshell mussels harvested in Japan (Penia canaliculus) [13], [12]. BTXBl was found in
oysters {Crassostrea gigas) also from Japan [11], [10].
Toxins produced by Gymnodinium breve can be detected by mouse bioassay, cell bioassay
[15], sodium channel assay [16], LC-UV [17] and LC-MS [18], [5].
OH
R

Brevetoxin A

PbTx-1
PbTx-7
PbTx-10

R
CH2C(=CH2)CH0
CH2C(=CH2)CH20H
CH2CH(CH3)CH20H

Figure 1.1 Structure of Brevetoxin A and analogues
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PbTx-5
PbTx-6
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PbTx-9
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BTX-Bl
BTX-B2
BTX-B4

Ri
H
CH3CO
H
H
H
H
H
H
H

O

R2
CH2C(=CH2)CH20H
CH2CH(CH3)CH0
CH2C(=CH2)CH20H, 27, 28 epoxide
CH2C(=CH2)C0CH2C1
CH2C(CH3)CH20H
CH2C(=CH2)CH0
CH2C(=CH2)C0NHCH2CH2S03Na
*
*

R3

H
CH3(CH2)i2C02CH3(CH2),4C0

NHR

COOH
OH

Figure 1.2 Structure of Brevetoxin B and analogues

Brevetoxin

R

BTXB3

CH3C(CH2),2C0

Figure 1.3 Structure of the Brevetoxin, BTXB3

1.1.2 Paralytic shellfish poisoning (PSP)
Paralytic shellfish poisoning (PSP) is the most acutely neurotoxic syndrome known to
humans, and results from the consumption of contaminated bivalves, crabs and gastropods [19].
These toxins can be present in both warm and cold waters throughout the world. PSP toxins are
also found in freshwaters as they are produced by some strains of cyanobacteria.
These neurotoxins accumulate in shellfish that have consumed phytoplankton belonging to
the genera Alexandrium acatenella [20], [21], Alexandrium catenella [22], [23], Alexandrium
fundyense [23], Alexandrium tamarense [24], [25], Gymnodinium [26], [27], [28] ‘dx\d Pyrodinium
[29]. The most common dinoflagellate associated with incidents of PSP is Alexandrium catanella
(formerly Gonyaulaux), which is responsible for producing a complex mixture of compounds,
saxitoxin and derivatives (Figure 1.4)

Table 1.1 and 1.2 Structure of GTX (Gonyautoxin), STX (Saxitoxin) and NEO (Neotoxin)
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R4

O3S

OH

0
0

The symptoms of PSP intoxication are felt within 30-60 minutes after ingestion of toxic
seafood and includes vertigo, weakness, fever, chest pain, tachycardia, respiratory complications,
tingling sensation in the toes and finger tips, lack of sensation of the face and paralysis. Death can
result from respiratory failure due to the paralysis of the chest wall and diaphragm [3]. Saxitoxin,
gonyautoxin and neosaxitoxin act by blocking the influx of sodium channels in neuron synapses
at the neuromuscular juction [30].
Biological methods of detection include: sodium ion channel binding assay [31], mouse
bioassay [32], tissue culture assay [33], fly bioassay [34], immunoassay [35]. A number of
chemical methods are also in use to determine PSP toxins including, liquid chromatography (LC)
with electrochemical detection [36], capillary electrophoresis with UV detection [37] or MS
detection [38], liquid chromatography with fluorescence detection (LC-FLD) with derivatisation
of the toxins to produce fluorescent products either precolumn [39] or postcolumn [40], and LCMS [38], [41]. Latest methods include TLC with thermoionic detection [42] and a new field test
kit which functions on the principle of lateral flow immuno-chromatography called MIST Alert
[43].

1.1.3 Diarrhetic shellfish poisoning (DSP)
Possibly the first recorded event of diarrhetic shellfish poisoning DSP was in the Netherlands
in the 1960’s this in fact was not proven analytically [44]. In 1976 DSP toxicity was first
confirmed in Japan [45], when the ingestion of mussels led to the poisoning of 42 people. DSP
toxicity is associated with the consumption of bivalve molluscs, especially mussels, clams,
oysters and scallop, which accumulate dinoflagellate toxins [46]. Following its first discovery,
DSP has found to be evenly distributed throughout the world. It has been reported in various parts
of eastern and western Europe such as Ireland [47], Spain ([48]), Portugal [49], Netherlands [44],
Scotland [50], France [51], Adriatic [52] and the Scandinavian countries [53], [54], north and
south America [55], [56], India, hidonesia, Australia and New Zealand [57], [58].
The symptoms of those affected included diarrhea (92% of cases), nausea, vomiting and
abdominal cramps. DSP symptoms emerged from 30 min of intoxications to a few hours after
eating toxic shellfish and lasted up to three days. Since the predominant symptom was diarrhea,
this new syndrome was called Diarrhetic Shellfish Poisoning (DSP) [59].
Biological methods of detection reported for DSP toxins were enzyme linked immunosorbent
assay (ELISA) and live animal bioassays, which are the most common current methods employed
by regulatory bodies. Yasumoto et al were the first scientists to use the mouse assay in the toxic
occurrence in Japan in 1976 and 1977. Chemical assays have been also employed, the most
frequent is liquid chromatography with a range of detectors such as ultraviolet (UV) (not used for
okadaic acid), fluorescence (FLD) and mass spectrometry (MS) detection. There are three classes
of DSP toxins, all of which were first discovered in Japan by Yasumoto and colleagues:
1. Okadaic acid and its analogues
2. Pectenotoxins and pectenotoxins-2 seco acids.
3.Yessotoxins and its analogues

1.1.3.1 Okadaic acid and its analogues
Okadaic acid and its analogues are structurally complex (Figure 1.5) polyether C38 fatty acid
which are responsible for most human DSP related symptoms [46]. They are large and lipid
soluble compounds [60]. There are several organisms identified as the progenitors of DSP toxins.
Dinophysis forti was the species responsible for the DSP outbreak in Japan in 1976-1977 [45],

[59]. Since then, okadaic acid has been detected in multiple species of Dinophysis [61], [62],
[59], [63], Prorocentrum [64] and Halichondria [65]
However, OA was not identified as the causative toxin for DSP in Europe until 1986 [66].
The first analogue of OA to be structurally elucidated was DTX-1. It was isolated from the
hepatopancreas of contaminated mussels and closely resembled the OA structure [67], the only
difference being, DTX-1 has an extra methyl group [67] (Figure 1.3). The DSP toxins, DTX-2,
DTX-2B, DTX-2C have been isolated from shellfish and algae. They are all isomers of okadaic
acid [68]. DTX-3 was not found in toxic phytoplankton but it was first isolated and structurally
elucidated following isolation from scallops [63]. It is possible that the acylation of DTX-1 to
DTX-3 takes place in the digestive glands of the shellfish [69].

OH

O'
H

Toxin
OA
DTX-1
DTX-2
DTX-3

Ri
CH3
CH3
H
H or CH3

R2
H
CH3
CH3
H or CH3

VI 'O

=
OH

H
H
H
Acyl

I H
CH3 Rf

K4
H
H
H
H

Figure 1.5 General structure of okadaic acid, DTX-1, DTX-2 and DTX-3

1.1.3.2 Pectenotoxins and Pectenotoxins-2 Seco Acids
In 1985, this class of DSP toxin was isolated from toxic scallops and they derive their names
from the generic species of scallop, Patinopecten yessoensis, where they were first discovered
[63]. Initially five pectenotoxins were isolated (PTX 1-5), but only the structures of PTX-1 and
PTX-2 were determined (Figure 1.6). Pectenotoxins differ from OA toxins in that they have a
longer carbon chain C40, a C33 lactone ring and a novel dioxybiciclo moiety.

The structure of PTX-3 was reported by Murata et al in 1986 [70]. PTX-4 was reported to be
7-e/7/-PTX-l and PTX-7 was shown to be 1 -epi-^TX-6 [71]. The structural elucidation of PTX-8,
PTX-9, PTX-10 has been also published. Novel pectenotoxin analogues were isolated and they
were named pectenotoxin-2-secoacid (PTX-2SA) and 7-e/?z-PTX-2SA (Figure 1.7). These new
toxins were shown to possess an open chain carboxylic acid rather that a lactone ring unlike the
PTX analogues [72].
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Figure 1.6 Structure of pectenotoxin

CH:

Figure 1.7 Structure of pectenotoxin-2 seco acids

1.1.3.3 Yessotoxins and its analogues
Yessotoxins (YTX) are the third group of DSP toxins. They were first discovered in 1986 by
Murata and coworkers in Japan [73]. The name derives, from the scallop species (Patinopecten
yessoensis) in which they were first identified. In 1997, the marine dinoflagellate Protoceratium
reticulatum was determined as the causative organism of these toxins [74]. The polyether
structure of the first YTX isolated is partly similar to the brevetoxin structure. YTX is large
molecule comprised of a polyether backbone, a diene side-chain and two sulphate groups with the
molecular formula C55H8o02iS2Na2 (Figure 1.8). Four new yessotoxins analogues have been
isolated to date from toxic shellfish, namely, 45-OHYTX, 45,46,47-trinorYTX, homoYTX, 45hydroxyhomoYTX (Table 1.3) [75], [76]. These toxins have been included in the DSP family due
to their common occurrence with DTX-1 and DTX-3 in shellfish. This group of toxins is no
longer included in the DSP class, because unlike OA and its derivatives, YTX does not produce
diaiThoea but it is a suspected cardiotoxin [77], [78].

Figure 1.8 General Structure of Yessotoxins

Table 1.3 Structure of yessotoxins analogues

Name

R.

Yessotoxin (YTX)

S03Na

45-hydroxyYTX

SOsNa
OH

45,46,47-trinorYTX

SO.iNa

HomoYTX

SOsNa

45-hydroxyhomoYTX

SO.iNa
OH
COOH

COOHYTX

S03Na
44

COOH

COOHhomoYTX

S03Na
44

1.1.4 Amnesic shellfish poisoning (ASP)
Amnesic shellfish poisoning (ASP) was first discovered after a major toxic episode that
occurred in Canada in 1987, where there were over 150 cases of intoxication and three elderly
people died as a result of eating contaminated mussels {M. edulis) [79]. The symptoms of the
victims included vomiting, gastric upset, dizziness, diarrhea and severe headache. The syndrome
was named as a consequence of persistent loss of the short-term memory.
Domoic acid was identified as the principal toxin responsible for ASP, although other
isomers have since been discovered [80], [81] (Figure 1.10). Domoic acid (DA) is a neurotoxic
amino acid, structurally similar to the potent neurotoxic amino acid, Kainic acid (Figure 1.9)
which disrupts the central nervous system, especially the hippocampus. Domoic acid (DA) binds
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to the kainite receptors more than kainic acid itself resulting in the rupture of the cell as well as
injury to the forebrain regions [82].

CH2~ CH2— COOH

I
^CH —COOH

H2N
Glutamic acid

.CH3
"COOH
COOH

COOH

CH3
I

H
Donioic acid
Kainic acid
Figure 1.9 Structure of Domoic acid, Glutamic acid and Kainic acid
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Figure 1.10 Structure of Doinoic acid, and its analogues

DA accumulates in shellfish that have consumed phytoplankton belonging to the diatom
species Fseiidonitzschia [89], [90], To date, three species of Pseudonitzschia are known to
yCH2
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produce DA, though the phytoplankton species Alsidium corallinum and Chondria annata were
also reported to be progenitors [83], [84]. Table 1.4 is a summary of the species in which domoic
acid has been found.

Table 1.4 Species in which domoic acid has been identified

Diatom
Pseudo-nitzschia multiseries
(Nitzschia pungens f. multiseries)
Pseudo-nitzschia pseudodelicatissima
(Nitzschia pseudodelicatissima)
Pseudo-nitzschia australis
(Nitzschia pseudoseriata)
Pseudo-nitzschia seriata
Pseudo-nitzschia multistriata
Amphora coff'aeifonnis (culture)
Red Algae
Chondria annata
Chondria haileyana
Alsidium corallinum

References
[85]
[86]
[87]
[88]
[89]
[90]

References
[91]
[92]
[83]

Since the ASP event in Canada in 1987, DA has been reported in numerous countries
worldwide such as Japan [93], USA [87], Mexico [94], New Zealand [9], Portugal [95], Scotland
[96], France [97], Spain [98] and Ireland [99].
Several chromatographic methods have been developed for the analysis of DA. Biological
methods used for the analysis of ASP include mouse bioassay [92], ELISA [[100] and
radioimmunoassay [101]. Due to the presence of a conjugated diene moiety in DA, regulatory
agencies have usually employed liquid chromatography with ultraviolet detection (LC-UV)
[102]. Fluorescent detection (LC-FLD) was developed with several reagents in order to derivatise
the DA molecule [103]. Capillary electrophoresis (CE), liquid and gas chromatography with mass
spectrometry detection have also been reported for the determination of DA and its analogues in
shellfish [104].

1.1.5 Azaspiracid shellfish poisoning (AZP)
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Azaspiracid is a novel marine toxin, initially known as Killary Toxin-3 (KT-3), it was
isolated after a toxic incident occurred in the Netherlands in November 1995 where eight people
became ill, following the consumption of mussels (M edulis) from Killary Harbour, Ireland
[105]. The victims complained of nausea, vomiting, diarrhea and abdominal cramps, which are
typical symptoms of DSP toxicity. However, the Irish DSP monitoring program failed to show
haiTnful levels of DSP toxicity in these mussels. AZP symptoms include slow and progressive
paralysis, laboured breathing, sluggishness and spasms in mice. The main targets for azaspiracids
are the liver, pancreas, thymus, spleen and digestive tract [106]. Chronic toxicological studies
using mice showed that azaspiracids induced tumors and produced widespread organ damage
[107].
The structure of the main toxin found in these mussels from Killary Harbour was determined.
It contained a trispiro ring assembly, an azaspiro ring fused with a 2,9-dioxabicyclo (3.3.1)
nonane ring and a terminal carboxylic acid the toxin and was therefore renamed as azaspiracid
(AZAl) [108]. In addition, two new analogues designated azaspiracid-2 (AZA2) and azaspiracid3 (AZA3), were isolated and elucidated following a second toxic event in October 1997 in
Arranmore Island, Donegal (Ireland). The structures of these analogues are 8-methylazaspiracid
and 22-methylazaspiracid respectively [109]. Two more azapiracids have also been determined
and these are the 3-hydroxy and 23-hydroxy analogues of AZA3, named AZA4 and AZA5,
respectively [110]. Five new azaspiracids, AZA 7-11 have since been discovered in mussels;
AZA6 a positional isomer of AZAI; AZA7 and AZA8 are hydroxyl analogues of AZA I; AZA9
and AZA 10 are the hydroxyl analogues of AZA6; AZAl 1 is a hydroxyl analogue of AZA2 [111]
(Figure 1.11 and Table 1.5). Unlike other known shellfish toxins the AZA’s posses a cyclic imine
moiety [108].
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Figure 1.11 General Structure of azaspiracids

Table 1.5 Structure of the five identified AZP toxins

Name
AZAl
AZA2
AZA3
AZA4
AZA5
AZA6
AZA7
AZA8
AZA9
AZA 10
AZA 11
AZA 12*

Ki
H
CH3
H
H
H
CH3
H
H
CH3
CH3
CH3
CH3

R2
CH3
CH3
H
H
H
H
CH3
CH3
H
H
CH3
CH3

K3
H
H
H
OH
H
H
OH
H
OH
H
OH
H

AZA 12 has yet to be observed
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R4
H
H
H
H
OH
H
H
OH
H
OH
H
OH

The dinoflagellate species Protopehdinium crassipes was identified as the culprit organism
for the production of the azaspiracid toxins [112]. Azaspiracids have also been identified
throughout the western coastal region of Europe. Thus far, azaspiracids have been found in UK,
Norway, Denmark, France and Spain, this indicates a potential widespread distribution of
azaspiracids throughout Europe [113], [114].
The Yasumoto DSP mousse bioassay [45] has been utilized for the detection of AZAs.
However, this assay may be inappropriate as a monitoring test for these toxins since it only takes
account of the level of azaspiracids in the hepatopancreas of the mussel and not in the total
shellfish flesh. This is an impact criticism as AZA’s have a tendency dissipate into all shellfish
tissues. An alternative method, not involving the use of animals, is the cytotoxicity assay, which
is capable of distinguishing between the DSP family and AZP toxins [115]. However, this assay
failed to display selectively towards the AZP toxins. Another significant finding is that AZAs did
not inhibit protein phosphatases [105], which is the mechanism of toxicity of okadaic acid.
Several liquid chromatographic methods applying mass spectrometry have been employed to
determine AZA’s toxins. Draisci and co-workers [116] developed the first LC-MS method for the
detennination of these AZA toxins. This protocol employed atmospheric chemical pressure
ionization (APCl) using a triple quadrupole MS instrument, applying collision-induced
dissociation (CID) on [M+H] *^ ions of three main azaspiracids.
A second method was published by a Japanese research group [117], employing liquid
chromatography-mass spectrometry (LC-MS) for the analysis of AZAl, AZA2, and AZA3. The
[M+H]^ ions of the target toxins were involved in this analysis.
A novel method employing liquid chromatography-multiple tandem mass spectrometry, (LCMS^) was developed for the analysis of the three main azaspiracids in shellfish by Furey et al. It
did not require any clean up prior to analysis and the detection limits achieved for the three main
azaspiracids were very significant [118]. This LC-MS^ method was expanded for the
simultaneous determination of AZAl- AZA 3 to distinguish the isomeric azaspiracids AZA4 and
AZA5 and was accomplished by selecting characteristic fragment ions formed by A-ring
fragmentation [119]. Ultrafast high-resolution liquid chromatography using monolithic columns
and mass spectrometry as method of detection was also applied for the analysis of AZAl-AZAS
[120].
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Recently, a novel method to analyse of AZAI-AZAIO has been developed using liquid
chromatography-mass spectrometry with an electrospray source. The ion trap MS experiments
involved the fragmentation of the [M+H]^, followed by the trapping and fragmenting the ion
[M+H-H20]^ giving the loss of the A-ring, which is characteristic of each azaspiracid. This
results in the loss of the C1-C9 portion that contains the R and R substituents, leaving a residual
ion

[M+H-H20-C9Hio02R^R^]^, that retains R^ and R"^ (Figure 1.11). The requirement for

complete chromatography separation is eliminated since it was possible to select unique parent
product ions at MS^ stage for each of the azaspiracids [121], [111].
Further studies based on mass spectral behaviour and detailed structural elucidation of
azaspiracids analogues have been also carried out in order to propose a fragmentation pathway
and structural elucidation on all the known AZA analogues [122].

1.2 Overview on toxic species
During October/November 1999 domoic acid was first detected in Ireland [99]. DA was
detected at very low levels in a number of shellfish, which included, mussels (M ediilis), razor
clams [E. siliqua) and oysters (C. gigas and O. edulis). However, king scallops {P. maximus)
were found to be the most highly contaminated species. Levels of domoic acid were found to be
more than 150 times the regulatory limit (20 pg/g) in the hepatopancreas of scallops.
September 2001 saw the first discovery of Azaspiracids in scallops {P. maximus). [123]. Until
then, AZAs had been exclusively found at high concentrations in mussels and only at trace levels
in scallops. An exhaustive study of the distribution of azaspiracids on the different tissue
compartment of scallops is discussed in the next chapter.
Scallops, as filter feeding bivalve mollusc, are capable of accumulatig toxins in much the
same way as mussels. They can act as major indicators of the presence of toxic algal blooms and
so can be used in order to prevent human intoxications. Levels of phycotoxins are usually higher
in the digestive glands (hepatopancreas) in comparison to other parts of the scallop [124].
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In the middle ages the scallop was given the name of “Coqiiille Saint James” because the
pilgrims used to wear the scallop shells on their dark cloaks when making their pilgrimage to the
tomb of Saint James at Santiago de Compostela (Northwestern Spain) [125]. The scallop, a fan
shell or pecten, is a bivalve that is intimately related to clams and oysters. Scallops have the
lower valve larger that the upper with fimi shells about 5 cm long. The edges of the shell are
scalloped hence the name. The components of scallops are; meat (adductor muscle), gonad (roe),
hepatopancreas (digestive gland), gill, and mantle. The mantle is located around the edge of the
scallop, it is a series of eyes that though weak, can warn and detect movement of any predator
nearby. The adductor muscle or meat, which controls the opening and closing of the shell and the
ejection of water is the part most frequently eaten [139], [186].
The king scallop {P. maximus) is considered an exquisite product, which is very popular in
pAiropean seafood markets, especially in France and Spain and also throughout the world
including, Japan, America, and China. The Japanese are the greatest scallop consumers in the
world, and prefer to eat the fish raw and they consume all tissues, normally in Western Europe
the hepatopancreas is disgarded.
In last decade Irish wild stocks of scallops are closely fished, consequently this has led to an
increase in the aquaculture of scallops in this country, most of the shellfish are exported.

Chapter 2

^^Distribution of azaspiracids in the tissue
compartments of scallops'

2.1 Introduction
There has been a dramatic effect on shellfish utilisation following the ubiquitous distribution
of many toxic microalgae species. Scallop culture and harvesting are frequently located in areas
prone to blooms of highly toxic algae species, e.g. in coastal waters of Canada, Japan, US, and
Europe [126], [127].
The western coastline of Ireland is ideal for the production of shellfish bivalves due to the
rich abundance of phytoplankton, also the temperature, and climate are well suited to shellfish
production. Also, the lack of environmental contamination from industrial processes and the
absence of large urban populations make a perfect breeding ground for shellfish.
The toxins associated with these various microalgae are potent, and bivalve molluscs such as
scallops, mussels and oysters, have a propensity to accumulate toxins through their nomial
grazing behaviour [127].
Scallops are one of the most common shellfish species in many coastal ecosystems
throughout the world and are harvesting by major aquaculture companies and commercial
fisheries [126], [128].
Frequent episodic toxic events in scallop harvesting areas attributable to blooms of
microalgae have been recorded [129], [124] toxins can accumulate to high levels in shellfish in
their tissues through their filter-feeding mechanism. The presence of toxic algae, and the potential
for blooms, have clear negative effects on the development of aquaculture.
The King Scallop {Pecten maximus) is a valuable seafood product with established worldwide
markets, emphasising the need of ensuring good safety. The primary threat to the industry and
public health is the risk of human poisoning, therefore scallops need to be extensively tested to
ensure quality of product prior to processing and sale.
Scallops can be considered opportunistic filter feeders that take advantage, as a food resource,
of both pelagic and benthic microorganisms [130]. There is an extensive literature which attribute
scallops to many toxic events. Scallopbome toxins include DSP toxins [63]; [61], PSP toxins,
[124], and domoic acid [131]. It has been shown that there can also be a highly variable
distribution of PSP toxins m shellfish tissue compartments [132].
Japan is the largest scallop consuming country in the world. There are three classes of DSP
toxins, all of which were first discovered in Japan by Yasumoto and co-workers [45], [59], DSP
toxins, including dinophysistoxins are consistently found at high levels in scallops. The other
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classes of DSP toxins, pectenotoxins and yessotoxins were first isolated from scallops and derive
their names from the species name, Patinopecten yessoensis [63].

2.1.1 Aquaculture methods on scallops
One of the major developments in bivalve mollusc aquaculture is the commercial cultivation
of scallops. The success of scallop culture techniques in Japan led to an emphasis on the
development of new aquaculture methods for King scallops (Pecten maximus) in European
waters.
Between the years 1986-1996, there has been a rapid increase 235% in the worldwide
production of scallops. This factor is undoubtedly due to the use of improved culture methods
[133]. The techniques for cultivating scallops fall into two categories: suspending the scallops by
various means in the water column and bottom harvesting from seeded or natural scallop stock
[128], [134].
Suspension culture is the most commonly used method due to better growing rates, as a result
of improved access to particulate food in the water column [135]. Remarkably, this is one of the
niajor factors that will determine the feasibility of scallop culture. Furthermore, using this culture
technique avoids contact with benthic predators, which improves survival rates [128] However,
the cost of materials and maintenance is usually greater for suspended scallops than bottom
cultured scallops [136]. Aquaculture economics in most countries have shown bottom culture to
be more profitable [128], [137].
On the other hand the selection of an appropriate site will determine the success of seabed
cultivation. In addition, environmental factors, such as food availability, temperature, salinity and
water flow, will be key factors in order to establish the suitability of potential sites [138]. There is
not a common strategy for all pectinids therefore when developing culture techniques, ecological
adaptations of each species must be studied [133].
Growth of Pecten maximus and Patinopecten yessoensis in “suspended” nets is an
improvement to traditional bottom culture since temperature is wanner, predation stress is
reduced and food supply is better in the water column [139], [140], [141].
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2.1.2 The impact of toxic Scallops
Filter-feeding shellfish, including scallops, are the major vectors in various forms of shellfish
poisoning including PSP [142], DSP [143], NSP, ASP [131], and recently AZP [123]. Humans
are poisoned by the consumption of bivalve molluscs, which have been exposed to toxic algae.
.\lthough scallops are not frequently the culprit agents of human intoxications, there have
been illnesses and deaths related to the consumption of toxic scallops, due to DSP [124] and PSP
[144]^ [145]. Therefore these species need to be screened for toxins before they go to market.
Figure 2.1 shows regions of the world prone to toxic algal blooms and also where scallops are
harvested on a commercial scale. The global expansion of scallop culture following an increased
interest in marketing scallop tissues (e.g., whole and “roe-on” scallops); requires an
understanding of the potential problems and hazards posed to the scallop industry. In some
markets, e.g. in Europe and in Australia, scallops are sold with the gonad attached (roe-on),
however, in U.S. the whole scallop is used [146].

Fig 2.1 Known distribution of PSP, DSP, NSP and ASP toxins in commercially cultured scallop areas

The two largest worldwide scallop species include the sea scallop {Placopecten magellanicus)
and the Japanese scallop {Pactinopecten yessoensis). Both are currently marketed as roe-on and
whole scallop products. Remarkably, Pecten maximus in Ireland is considered the most common
species among scallops. In areas prone to toxic algae blooms only the adductor muscle is utilised
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by commercial fisheries. Only under the strict regulatory monitoring can the marketing of roe-on
scallops be undertaken. The sale of whole scallops is feasible only after extensive testing since it
is considered to be a high human hazard [124].

2.1.3 Variability and toxin composition on scallops
According to geographical location and seasonally, the profile distribution of toxins in
scallops can vary considerably In addition, this toxic variation is also due to a combination of
factors such as, time of exposure, persistence and magnitude of toxic blooms, the specific toxicity
per cell, toxin composition of the contaminating organism and perhaps genotypic differences
among scallop species [147].
Little information has been reported regarding the uptake and depuration kinetics of
phycotoxins in scallops. It is known that in scallops toxins are normally concentrated in the
digestive glands, for example, for ASP, domoic acid was strongly retained even after 4 months of
depuration [148]. Even though the accumulation mechanisms of phycotoxins in scallops are fairly
similar, the rate of accumulation and detoxification of highly water soluble toxins, such as
domoic acid and PSP toxins are likely to be different from lipophilic toxins, such as DSP toxins
and azaspiracids [124].
It has also been observ^ed that toxic blooms do not always coincide with the toxicity of
scallops and this could be associated with slow detoxification rates compared to rapid depuration
species, such as the blue mussel {Mytiliis edulis). Scallops can be classified among filter feeding
bivalves that retain toxin for a long time [124].
In this chapter a study was undertaken to examine the variation in AZP toxins between
individual scallops in addition to the comparison of the distribution of toxins within tissues in
mussels (M edulis) and scallops {P maximus). The determination of each toxin composition was
carried out by dissecting individual shellfish into two and five tissue fractions respectively (Fig
2.3 and 2.4). This study indicates the first occurrence of AZP toxins in king scallops {P.
maximus) in Ireland.
A regulatory limit of 0.2 pg/g for bivalve molluscs was imposed in March 2001, by the Food
Safety Authority in Ireland for the combined amount of the three predominant AZP toxins in
total shellfish tissue and this has been revised in a recent EU regulation to 0.16 pg/g.
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Separation of the predominant azaspiracids, AZAl - AZA3, was achieved using reversed
phase liquid chromatography with detection using positive electrospray multiple tandem mass
spectrometry (LC-MS^).
For the determination of azaspiracids, a previously developed highly selective and sensitive
method for the analysis of shellfish and phytoplankton was employed [149], [118],
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2.2 Results and Discussion

2.2.1 Distribution of AZP toxin in tissue compartments of scallops
This study was conducted using contaminated scallops {P. maximus), which were harvested
from various locations in Ireland: #1 North-east Donegal, #2 Lough Foyle, Co. Donegal, #3 Clew
Bay, Co. Mayo, #4 Inishbofin, Co. Galway, (Figure 2) during the period October 1999- August
2001. However, contaminated mussels were harvested from site #5 Castletownbere, Co. Cork
during the period August 2001- September 2001.

Figure 2.2 Map of Ireland showing scallop {P. maximus) cultivation sites; #1 North-east Donegal, #2 Lough Foyle,
Co. Donegal, #3 Clew Bay, Co. Mayo, #4 Inishbofin, Co. Galway. Contaminated mussles {Mytilus edulis) site #5
Castletownbere, Co. Cork

Scallops from Clew Bay (site #3) were analysed applying the method described in section
2.4.2.3; table 2.1 shows data obtained for AZP in individual tissue compartments of the scallop.
The hepatopancreas (9.0%) seemed to be the most affected tissue, while low levels of AZAs were
found in the gonad (4.7%), mantle (12 0%) and gill (5.8%). The adductor muscle (68.5%) is one
of the major tissues used in human consumption and azaspiracids toxins were found to be at low
concentrations.
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Figure 2.3 Picture of scallop iPecten Maximus) organs

Constantly, the highest and lowest level of the AZP toxins con'esponded to digestive glands
and adductor muscle respectively. The table also shows that the level of toxins was in the range
0.14-0.80 (JLg/g. The relative standard deviation (%RSD) was 60% (n=9); therefore this indicates
a considerable variability among individual scallops during a toxic event. The average
concentrations (AZAl 4- AZA2) for scallop tissues were: hepatopancreas (0.37 /tg/g), gonad
(0.026 /xg/g), gill (0.019 /xg/g), mantle (0.014 fig/g) and adductor muscle (0.002 jug/g).
Table 2.1 Distribution of azaspiracids in scallop (P. maximus) tissues
Sample
Number

1
2
3
4
5
6
7
8
9

AZAl

HP
AZA2

HP
AZA3

0.07
0.13
0.13
0.12
0.17
0.12
0.42
0.37
0.56

0.07
0.10
0.13
0.10
0.14
0.13
0.20
0.21
0.24

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

UP

HP
total
AZP

Muscle
total
AZP

0.14
0.23
0.26
0.22
0.31
0.25
0.62
0.58
0.80

<0.001
<0.001
<0.001
<0.001
<0.001
0.006
<0.001
<0.001
0.011

All units are /xg/g
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Gonad
total
AZP

0.045
0.026
0.054
0.014
0.021
0.020
0.035
0.002
0.019

Mantle
total
AZP

<0.001
<0.001
<0.001
0.002
0.002
0.005
0.020
<0.001
0.10

Gill
total
AZP

0.006
0.011
0.003
0.080
0.031
0.005
0.034
0.004
<0.001

Scallops from four other sites in Ireland were also examined and contained minor levels of
azaspiracids (<0.02 /xg/g total tissue), consequently, they were not studied in further detail.
Figure 2.4 shows the AZP toxin distribution in scallops from A) site #4 (Inishbofin) and B) site
#1 (Donegal).
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Figure 2.4 Distribution of azaspiracids, AZAl and AZA2, in scallop tissues; hepatopancreas (HP) and gonad (GD);
A) Site #4, Innishboffin (15/08/01), B) Site #1, North-East Donegal (14/08/01). The remaining tissues, adductor
muscle, mantle and gill contained < 0.005 /xg/g

The highest concentration of AZP toxins (AZAl + AZA2) found in the hepatopancreas of
scallops in site #4 was 1.94 /xg/g, whereas the highest concentration of AZAs in samples from
site #1 was 0.65 /xg/g. In contrast to this, AZP toxin levels in the gonad tissues were not higher
than 0.033 /xg/g for both locations and well within the regulatory limits.
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2.2.2 Distribution of AZP toxin in mussel tissue
Azaspiracids have also been found in a variety of bivalve molluscs including, oysters
{Crassostrea gigas), clams {Tapes phillipinarium), cockles {Cardium edule) and mussels {Mytilus
edulis). The highest levels of total azaspiracids have been found in mussels to date. Oysters were
the only shellfish that accumulated azaspiracids to a similar level to mussels [150].
This study also demonstrated the distribution of azaspiracids in several individual
contaminated mussels cultivated in Castletownbere Co. Cork, south-west of Ireland (site#5).
Chilled mussel tissue (M. edulis) was divided into digestive glands (hepatopancreas) and
remaining tissue (meat). The composition and average weights were 4.66g (36.7%) and 8.03g
(63.3%) respectively. The toxin distribution profile among the digestive glands (HP) and meat
(remaining tissue) compartments are shown in Figure 2.5.

Figure 2.5 Picture of mussels {Mytilus edulis) organs

The digestive glands (HP) presented the highest level of total azaspiracids in nearly all the
mussels analysed (Figure 2.6), which is expected as a result of normal grazing behaviour. The
highest level of total azaspiracids found for hepatopancreas and meat were 6.26 jUg/g and 1.32
/xg/g respectively. Nevertheless, since the meat constitutes almost 65% of total mussel tissue, the
toxin concentration of 1.32 /xg/g is quite significant
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Figure 2.6 Azaspiracids distribution in twenty-three contaminated mussels from site#5 Castletownbere, Co.
Cork, date 12'’’ September 2001; hepatopancreas (HP) and meat (MT). The latter contained <1.12 /ig/g

Consistently, the meat compartment of mussels presented the lowest concentration of the
AZP toxins and the digestive glands contained the highest concentration. Total AZP toxin levels
in the hepatopancreas and meat were in the range of 0.201 - 6.26 /xg/g and 0.014 - 1.32 /xg/g.
As a result of this, the relative standard deviation (%RSD) was 190% and 78% (n=22)
respectively. This indicates once again, there is a significant variability between individual
mussels during a toxic episode. The average total toxin concentrations (AZAl + AZA2 +
AZA3) for mussel tissues were hepatopancreas (2.37 /xg/g) and meat (0.15/xg/g). The relative
composition of the three major azaspiracids present in mussels was AZAl (50%), AZA2 (13%)
and AZA3 (37%)
This figure also shows that mussels can present sampling problems due to culturing methods
that are usually employed, such as the “suspended rope” technique. Toxin accumulation is
observed as a consequence of both depth-variation of toxic phytoplankton populations and the
variation in toxin accumulation rates of individual shellfish [151].
Previous studies of the natural uptake and depuration of azaspiracids in mussels have verified
that digestive glands contain most of the azaspiracids toxins. Furthermore, the transport of these
toxins to other shellfish tissues is unpredictable but, if this happens, a long-lasting period of
shellfish intoxication is likely as a result of low rates of natural depuration [113].
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2.2.3 Description of the method
An ion-trap mass analyser MS was used, collision-induced dissociation (CID) was employed
resulting in the fragmention of the [M+H]^ ion. The major fragment ions for each toxin were due
to the sequential loss of water molecules, [M+H-nH20]^; n = 1 or 2. The optimised relative
collision energies were 25% for MS

and 33% for MS

experiments. Azaspiracids were

determined using LC-MS^ with the following target parent and fragment ion combinations:

AZAl m/z = 842.5 => 824.5 (n = 1) => 806.5 (n = 2)
AZA2 m/z = 856.5

838.5 (n = 1) => 820.5 (n = 2)

AZA3 m/z = 828.5 => 810.5 (n = 1)

792.5 (n = 2)

As marine toxins containing fused polyether rings often produce multiple water losses from
the parent ion fragmentation. Up to five molecules of water can be lost when using ESI as the
ionization source in positive mode. As a result of this, multiple losses of water spectra molecules
are the predominant fragment ions for AZAl, AZAl and AZAl. Water losses are generally
regarded as structurally uninformative. However, the CID of AZAs contain many important
fragment ions, which emanate from the [M+H-H20]^ ion. These include;
i)

Fragmentation of the A-ring, [M+H-H20-C9Hio02R'R^]^, at m/z 672 (AZAl, AZA2), m/z
658 (AZA3) which is not shown in figure 2.7.

ii)

The fracture at C19-C20, [M+H-H20-C2iH2906R'R^]^ and at m/z 462 (AZAl, AZA2),
and m/z 454 (AZA3) again not shown on the spectrum.

iii)

Fragmentation of the E-ring [M+H-H20-C25H3208R^R^R^R‘^]^ at m/z 362 (AZAl,
AZA2, AZA3).
This highly sensitive LC-MS^ method enabled the determination of the entire toxin

distribution in shellfish tissues. In addition, the sensitivity of LC-MS^ was much better than ECMS or LC-MS [118], due to the reduction in background signal in multiple MS modes which is
due to the trapping process employed in the quadrupole ion-trap mass spectrometry [152].
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Figure 2.7 The main fragmentation pathways for azaspiracids using LC-MS^ using positive ESI

Quantitation of all azaspiracids was detemiined relative to the AZAl standard material.
Calibration data for AZAl was obtained using spiked shellfish extracts and showed good
linearity in the range 0.05 - 1.00 pg/ml (r = 0.997) and the detection limit (signal tomoise = 3)
was <10 pg (0.8 ng AZAl/g shellfish tissue) [118].
Typical chromatograms and characteristic spectra for AZAl (4.28 min) and AZA2 (5.03
min), are shown in Figure 2.8 and were obtained using an extract from the hepatopancreas of
scallops. An important discovery resulting from these investigations was that AZA3 was not
detected in any scallop samples inspected. This seems to be a distinetive feature of scallops.
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Figure 2.8 Chromatograms from the LC-MS^ analysis of azaspiracids from scallop {Pecten rnaximiis). The targeted
ions, [M+H]*, [M+H-H20]\ [M+H-2H20]\ corresponding to the azaspiracids, 4.28 min (AZAl), 5.03 min (AZA2).
The scan range was 500 - 900 and the total concentration of AZAl + AZA2 in shellfish was 0.22 pg/g. No signal
was obseiwed for AZA3. Chromatographic conditions: Luna Cig (2) column (5 pm, 150 x 2.0 mm) at 40 °C; mobile
phase was acetonitrile-water (70:30) 0.05% TFA; flow rate was 200 pl/min
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2.2.4 AZP toxin profiles in scallop tissues
AZAl - AZA3, have been detected in both phytoplankton and mussels [112], [113]
consequently, the absence of AZA3 in scallops is unexpected. Additionally, there is no evidence
that AZA3 levels were depleted due to conversion to 3- and 23-hydroxy analogues, AZA4 and
AZA5, which is a process observed in mussels [110]; [119]. Differences in the toxin profiles
between the hepatopancreas and remaining tissues have been also shown in mussels (M edulis)
but in scallops {P. maximus), the ratio of AZA1/AZA2 was fairly consistent within the tissue
compartments.

Figure 2.8 Chromatograms from the LC--MS^ analysis of azaspiracids from mussels {Mytilus edulis). The targeted
ions, [M+H]', [M+H-H2O]", [M+H-2H20]^, corresponding to three azaspiracids. The relative composition was
AZAl (50%), AZA2 (13%) and AZA3 (37%). Chromatographic conditions given under figure 2.7
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In a shellfish cultivation area, considerable variations in toxin levels between different
shellfish species and between individual shellfish of the same species have been reported for
domoic acid [131], PSP toxins [142], DSP toxins [143] and AZP [153].
Previous experiments using mussels (M edulis) have verified that immediately after the
ingestion of toxic phytoplankton, AZP toxins were found almost entirely in the hepatopancreas.
During later periods of intoxication the AZP toxins can spread throughout all tissue
compartments [172] and toxicity can continue in shellfish for periods of two weeks up to eight
months [105], To date reports of human intoxications attributed to AZP related to the
consumption of mussels only. However, since AZP toxins are produced by marine phytoplankton
[112], it is expected that filter feeding organisms accumulate after high levels. Recent studies
[150] have also demonstrated the accumulation of AZP in oysters {Crassostrea gigas), clams
{Tapesphillipinarium) and cockles {Cardium edule).
Therefore, these findings emphasise the need for a good sampling regime at shellfish
cultivation sites, as well as using a sufficiently large number of shellfish to produce a
representative homogenate before the extraction procedure.
The study represents the first investigation into the variation in total AZP toxins in each tissue
compartment of scallop. Considerable differences in the AZP toxin levels between tissue
compartments were observed and toxins were concentrated predominantly, ca 85 %, in the
hepatopancreas. Also, there was a significant variation in the total toxin levels between individual
scallops from the same sample batch and the RSD was 60 % (N = 9).
Azaspiracids were first detected in scallops {P. maximus) from various locations in Ireland
(Figure 2.2) dating back to October 1999 but levels were usually low. For example, scallops from
site #2 (Lough Foyle, Co. Donegal) contained 0.10 pg/g total AZP toxins. Even though toxin
levels were within regulatory limits, the potential for accumulating these toxins was confirmed.
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2.3 Conclusions
The differences in the toxin profiles of involving M. edulis and P. maximus demonstrates that
toxicological data generated from one shellfish species can not be used as the basis of fonnulated
regulatory policies for other species.
The dramatic consequences of marketing scallops products exposed to toxic algae blooms
obligate scallop aquaculturists to be aware of the potential risk associated with the phycotoxins.
This study concluded that AZP toxin levels can also vary considerably within tissue
compartments and are concentrated mainly m the hepatopancreas. Furthermore, toxin distribution
studies were conducted in scallops since only certain parts of this shellfish, the adductor muscle
and gonad, are usually consumed as food.
Commercial fisheries farms can be located in areas prone to toxic algae blooms only if the
adductor mussel and gonad are marketed as their potential to accumulate toxins is low. The sale
of other tissues such as hepatopancreas can take place under strict vigilance.
Only through rigorous regulatory monitoring of AZP toxins is the safe marketing of whole
scallop is viable, since it poses a high risk to public health. The economic success of such an
industry is uncertain, given the high levels of toxins found in scallops and the long retention time
of these toxins. As a result of this, if scallops are to be marketed whole or in conjunction with
other tissues it is necessar>' for the establishment of public health guidelines with particular
emphasis on the analysis of individual tissues.
It is no longer sufficient to monitor only bivalve molluscs for AZP toxins as extensive
research has not to date been conducted on the levels of these toxins in gastropods, crustaceans or
fish. It is likely to find AZP, in species other than bivalve filterfeeeders, especially in their
predators.
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2.4 Experimental

2.4.1 Material and Methods
Azaspiracid standard toxins, AZAl, AZA2 and AZA3, were isolated from toxic mussels (M
edulis) as described previously [118], [119]. HPLC-grade acetonitrile and water were purchased
from Labscan (Dublin, Ireland) and trifluoroacetic acid (TFA) from Sigma-Aldrich (Dorset,
U.K.). Contaminated scallops {P. maximus) were harvested from various locations in Ireland: #1
North-east Donegal, #2 Lough Foyle, Co. Donegal, #3 Clew Bay, Co. Mayo, #4 Inishbofm, Co.
Galway, (Figure 2) during the period October 1999- August 2001. Contaminated mussels were
harvested from site #5 Castletownbere. Co. Cork during the period August 2001- September
2001.

2.4.2 Extraction of Azaspiracids from shellfish tissues
2.4.2.1 Sample preparation of scallop tissues
Scallops {P. maximus) were opened and the adductor muscle (meat), gonad (roe),
hepatopancreas (digestive glands), mantle and gill and were carefully excised and placed
separately into beakers (50 ml). The average weights and percentage composition of scallop
tissues were: adductor muscle 29.4 g (68.5 %), gonad 2.0 g (4.7 %), hepatopancreas 3.8 g (9.0
%), mantle 5.2 g (12.0 %) and gill 2.5 g (5.8 %).
2.4.2.2 Sample preparation of mussel tissues
Chilled mussel tissue (M edulis) was divided into digestive glands (hepatopancreas) and
remaining tissue (meat). The composition and average weights were 4.66g (36.7%) and 8.03g
(63.3%) respectively.
2.4.2.3 Description of the extraction ofAzaspiracids from shellfish tissues
Scallop and mussel tissues were separately homogenised (Ultra Turrax, IKA, Germany) for 1
min and extracted as follows. Homogenised tissue {ca. 2-5 g) was accurately weighed into a
centrifuge tube (50 ml), acetone (8 ml) was added and again homogenised for 1 min followed by
centrifugation at 3000 rpm for 3 min. The supernatant was transferred to a volumetric flask (25
ml) and the extraction procedure was repeated on the residue. The supernatant was again
transferred to the volumetric flask, which was made up to volume with acetone. An aliquot (2.5
ml) was evaporated using nitrogen at 40 °C to remove acetone (TurboVap, Zymark, MA, USA).
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Water (0.5 ml) and ethyl acetate (2 ml) were added to the aqueous residue and vortex mixed for 1
min. The solution was centrifuged at 3000 rpm for 3-4 min and the ethyl acetate was transferred
to a glass tube (10 ml). The extraction with ethyl acetate (2 ml) was repeated and the combined
extracts were evaporated using nitrogen. The residue was reconstituted with acetonitrile (200 pi)
and an aliquot (3 -5 pi) was used for LC-MS analysis.

2.4.3 Liquid chromatography-mass spectrometry (LC-MS)
2.4.3. J Conditions on the HPLC
The LC system was linked to a Finnigan LCQ ion-trap mass spectrometer (ThermoFinnigan,
San Jose, CA, USA). The LC system was a Waters 2690 Alliance (Waters Corporation, Milford,
MA, USA) that included a thermostated autosampler, operated at 4 °C. Isocratic chromatography
was performed using acetonitrile-water (70:30) containing 0.05 % trifluoroacetic acid (TFA), at a
flow rate of 200 pl/min, with a reversed phase column Cig (Luna (2), 5 pm, 150 x 2.0 mm,
Phenomenex, Macclesfield, UK) at 40 °C. Using an automated sequence, the eluent flow was
diverted to waste for 1 min after sample injection in order to sample matrix from contaminating
the MS. MS detection was carried out between 2-10 min of the chromatography, followed by a
second divert to waste for 1 min prior to the next chromatographic sequence.
2.4.3.2 Parameters on the MS detection
An ESI source was operated in positive mode ([118]). The MS was tuned for azaspiracids
using AZAl standard solution (1 pg/ml) by flow injection analysis Standard AZAl solution (5
pi) monitoring the target ion [M+H]^ at m/z 842.5 was injected at 1 mm intervals. The voltage on
the ESI needle was set at 4 kV, producing a spray current of approximately 80 pA. The capillary
voltage was set at 10 V and the temperature of the heated capillary^ was 200 °C. The sheath gas
flow rate used was 60 (arbitrary units) and the auxiliary gas was set to zero (arbitrary units). The
ion optic parameters were optimised: Tube Lens Offset (0.0 V); Octapole 1 Offset (-3.0 V);
Octapole 2 Offset (-7.0 V); Inter Octapole Lens Voltage (-16.0 V), Trap DC Offset Voltage (10.0 V). The microscan value was set at 3 ms and the maximum inject time was 50 ms.
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Chapter 3

“Simultaneous Determination of Azaspiracids and
Domoic Acid in Shellfish tissue”

3.1 Introduction
The identification and geographic distribution of marine toxins in seafood are currently
concerning worldwide authorities. Numerous toxins of public health significance originate from
microalgae [154].
Marine toxins present to the analytical chemist an intriguing challenge in order to develop
methods for their analysis [155]. The toxic outbreaks are so widespread, especially in Ireland
during the last decade that emphasises the need for their rapid identification and quantification.
Amnesic Shellfish Poisoning (ASP) is caused by domoic acid that originates in the marine
diatom Pseudonitzschia spp. Azaspiracid Poisoning (AZP), attributed recently to the
dinoflagellate Protoperidinium spp. [112]. Both forms of poisoning has been recognised and
described since they represent significant human health hazards and economic impediments [80],
[156], [117], [157], [158].
As shown in figures 3.1 and 3.2 (AZP and DA structures), these toxins range from the polar
DA to the high molecular weight lipophilic AZP toxins. Their high toxicities demand that
anal>1ical methods provide high sensitivity, while complex shellfish tissue matrices require good
selectivity in separation and/or detection.
Mousse bioassay is one of the most commonly used techniques for detecting marine toxins
within the EU countries [159], [45]. However, the implementation of these bioassays repeatedly
failed to prevent human intoxications. It is recognised that this method suffers a number of
drawbacks, such as poor reproducibility, low sensitivity, false positive and negative results [149],
[153]. For DA, the current legal limit (20 pg/g tissue) is less than mouse bioassay detection limit
(50 pg/g tissue) In addition, DSP mousse bioassay [45] has been used to monitor xAZP, but it has
been demonstrated that it is not an appropriate test for AZAs. One reason was the exclusive use
of the hepatopancreas for DSP toxins testing which does not take account of the level of AZAs
that may exist in the remaining shellfish flesh that constitutes 80-85% of the total. The lack of
total tissue testing has led to false negatives and consequent toxic incidents from the consumption
of shellfish [149].
The development of alternative methods for multitoxin analysis is a desirable objective for
the rapid analysis of the toxins [160], [161], [162]. However, one of the major concerns is the
selection of an appropriate solvent extraction procedure for the target toxins, and there will be
inevitably some compromise in extraction efficiencies.
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Figure 3.1 Structures of the predominant azaspiracids: AZAl (R' = H, R“ ^ CH3) , kZhl (R’ = R^

CIl3), AZA3

(R‘ =R' = H)

CYh

F'igure 3.2 Structure of domoic acid

The objective of this study was to investigate the possibility of developing a simultaneous
method of detection for DA and AZAs using the same method of extraction prior to LC-MS
analysis.
Quantitative extraction of both toxins from shellfish tissue {Mytihis eclulis) was achieved by
exhaustive extraction with ethanol-water (2:1). The method was tested with various mussel tissue
samples. To validate the method for DA, a certified reference mussel material containing DA
(MUS-IB) was used.
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LC-MS is a powerful technique that has been used for the analyisis of toxins in shellfish and
phytoplankton [115]. Several LC-MS and LC-MS/MS methods have been proposed for the
determination of DA and AZP in marine biological materials. These are based different
chromatographic and/or mass spectrometric conditions [114-117], [158], [165].
Liquid chromatography with electrospray ionisation tandem MS was used, in order to develop
a direct analysis of DA and AZP toxins in toxic shellfish. The resulting improved method will be
useful to analysts involved in regulation monitoring of DA and AZP toxins.
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3.2. Results and Discussion
Sample preparation for the determination of phycotoxins in shellfish can be problematic due,
in part, to an extensive variation in the toxin content. The toxin distribution in individual mussels
from the same batch can vary greatly [163] consequently, it is important to use a representative
sample [151], [164].
Most analytical protocols for the determination of polyether toxins in shellfish use only
digestive glands as this is where the toxins are usually concentrated. However, AZP toxins can be
distributed throughout all tissue compartments and therefore, all shellfish tissues were used for
toxin determination [153]. AZP toxins possess detergent qualities and can be extracted from
shellfish tissues with an organic solvent other than hexane . On the contrary, DA is relatively
polar compound, previous studies have demonstrated that methanol/water is the most effective
solvent for extraction. [165], [158].
With the aim of simultaneously extracting AZAs and DA using a single-step extraction of
contaminated scallops {P. maximus). The solvents used were ethanol/water, methanol/water,
acetonitrile, ethyl acetate, methanol, ethanol and water. Ethanol/water was found to be the best
mixture for solvent extraction. An exhaustive study was also conducted using different ratios of
this extracting solvent, ethanol/water (2:1) gave the greatest recoveries.
A certified reference mussel material containing DA (MUS-IB) was also used for method
development (Fig. 3.3). The method described was applied to three samples of approximately 4.0
g of certified shellfish tissue. Following the procedure described in section 3.4.1, crude ethanolwater (2:1) shellfish extract was used to analyse DA quantitatively without any clean-up previous
step to LC-MS analysis. The average recovery of domoic acid from MUSl-B was 84±l%(n=3).
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Figure 3.3 Total ion chromatograms (TIC) for the LC-MS''^ analyses of domoic acid (DA) in mussel tissue MUSIB extracted with ethanol/water (2; 1)
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Figure 3.4 Associated mass spectra MS‘‘^ corresponding to the total ion cliromatograms (TIC) in figure 3.3

Calibration studies were carried out on certified domoic acid standard spiked into mussel
tissue. LCMS^ calibration curves for azaspiracids were performed using only AZAl standard,
this IS due to scarce amount available of AZA2 and AZA3 standards available, consequently
quantitative data on these toxins are based on AZAl.

3.2.1. LC-MS" analysis of DA and AZP toxins

LC-MS techniques are well suited to the quantitative analysis of DA and AZAs. The goal of
the present approach was to achieve the best precision and accuracy possible for the
determination of the toxins applying ESI-MS-MS spectrometry.
DA, AZAl, AZA2, AZA3, were well separated using the same extraction procedure and
chromatographic method analysis, applying a gradient in a reversed-phase of acetonitrile-water
(containing 0.0375 % trifluoroacetic acid TEA) (18-82 v/v) during 2 minutes and then (85-15 v/v)
up to 8 minutes coming back to the initial stage (18/82 v/v). Despite that these toxins have
different molecular masses (AZP toxins have triple the mass of DA), this characteristic is not
essential for the successful implementation of a LC-MS" analytical protocol.
At the start of the analysis for the first minute of the chromatographic run, the LC eluent was
diverted to waste. The scanning of DA was performed from 2-5 min, where the parent ion was
m/z 312 and the targeted daughter ion was m/z 266, using the optimised relative collision energy
(RCE) of 30% for both fragmentations. From 5-15 min, trapping AZP toxins, gave protonated
molecular ions, [M+H]^, at m/z 842, 856 and 828, respectively. Fragmentation, with multiple
losses of water molecules, is typical of polyether shellfish toxins [166], including okadaic acid
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analogues [167]. MS 2 and MS 3 experiments were performed using optimised RCEs of 25 and
33% on the [M+H]^ and the [M+H-H20]^ respectively (figure 3.4 and 3.6).
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Figure 3.5 Total ion chromatograms for the LC-MS^ analysis of the three main azaspiracids (AZAl-3) of an extract
from contaminated mussels
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Figure 3.6 Full MS^ targeted ions corresponding to the three main azaspiracids, AZAl: m/z 842.5, 824.5; AZA2:
m/z 856.5, 838.5, AZA3: m/z 828.5,810.5
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LC-MS 2 for DA and LC-MS'3 analysis on AZP toxins, by selecting the parent ion and the
'

product ions previously shown, gave good signal intensities.
Five samples of azaspiracid contaminated mussel tissue spiked with 5 /xg/g and 20 /xg/g of
domoic acid were analysed using this new method. Data are showed in tables 3.1 and 3.2 for both
concentrations and final recoveries are shown in table 3.3
Table 3.1 Recoveries on the mussels {M. edulis) tissue when 5 /xg/g of domoic acid is spiked into tissue homogenate.
Sample
Number
1

2
3
4
5

l).\ cone.

Total AZP

3.72
4.44
4.26
3.80
3.80

0.326
0.445
0.377
0.348
0.389

All units are /xg/g

Table 3.2 Recoveries on the mussels (M. edulis) tissue when 20 /xg/g of domoic acid spiked into tissue homogenate.

Sample
Number

D A cone.

Total AZP

1
2
3
4
5

15.01
12.40
12.21
13.95
14.39

0.325
0.307
0.340
0.435
0.373

All units are /xg/g

Table 3.3 Summary of quantitative analysis on the mussels {M. edulis) tissue.
AZAs
DA
Sample
0.37±0.04
4.04±0.3
5/ig/g
(8.0)
(12.0)
DA spiked
0.36±0.05
13.6±1.23
20/ig/g
(14.1)
(9.0)
DA spiked
Concentration, /xg/g ± standard deviation (S)
RSD, relative standard deviation
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n
5
5

The same sample tissue was analysed by applying official methods, for domoic acid [158]
and for azaspiracids [118] obtained a concentration of 4.09 /rg/g (82%) and 12.56 /xg/g (63%)
when 5 /xg/g and 20 jtxg/g of DA were spiked respectively, and finally 0.368 /xg/g (93%) was the
total concentration of azaspiracids toxins achieved (Table 3.4).

Table 3.4 Summary of the recoveries for DA and AZAs by different methods
Sample

5/xg/g
DA spiked
20/xg/g
DA spiked

DA
Official method

DA
New method

AZAs
New method

82%

78%

94%

63%

67%

93%

Figure 3.7 Total ion chromatogram and associated mass spectrum MS^ of an extract from contaminated mussels
with 5/ig/g spiked of DA using LC-MS/MS. Chromatographic conditions: Gradient chromatography was performed
using acetonitrile-water (containing 0.0375 % trifluoroacetic acid (TFA) (18-82 v/v) for the first 2 min; (85-15 v/v)
for the next 6 min; (18/82 v/v) for the final 7 min, at a flow rate of 200 /xL/min, with a reversed phase column, Cig
(Luna(2), 5/im, 150 x 2.0 mm^) and 30 x 2.0 mm^ guard column at 40 "
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3.2.2 Calibration studies
Calibration curve using extracts from mussel tissue spiked with DACS-IC containing 0.02510 fig /ml for MS^ (n=3) was obtained. The plot was linear and yielded r^ value of 0.9997 (Figure
3.8). The detection limit was 0.014 fig DA/ml corresponding to 31.5 ng/g of shellfish tissue for
LC-MS^ analysis. In addition to this, the slope of the curve was smaller for LC-MS^ and LC-MS^
than LC-MS, this is expected due to interference ions are removed from the trap, consequently
there is an enhancement on the detection limits.

Figure 3.8 Average calibration plot using extracts from shellfish containing 0.025-10 fjLg DA/ml for LC-MS^

The LC-MS'^ for AZAl calibration on [M-i-H-2H20]^ was linear in the range 0.01-1.0/xg/ml
(figure 3.9) and gave good correlation coefficient (r^=0.9999). The detection limit achieved
(S/N=3) was 4pg on column, this is equivalent to 0.8ng/ml. Using this new protocol developed
con'esponding to Ing/g of shellfish tissue.

Concentration AZA-1
Figure 3.9 Average calibration curve for the analysis of 0.01-1.0 /xg AZA-l/ml for LC-MS^

46

3.3 Conclusions

The aim of this research was the development of a simultaneous method for extraction and
detection of two well known toxins in Ireland because of their continuous outbreaks in this
country.
The new proposed approach allows, for the first time, the direct detection of known and new
toxins such as domoic acid and azaspiracids in mussels (M edulis), with a high degree of
selectivity, due to the use of LC-MS technique in positive mode. The recoveries and stability of
the extracts are mostly as good as extracts obtained using official methods for both toxins. The
main advantage of the method is simple and does not need any clean-up step before analysis
using LC-MS^
This study represents an effective alternative to the mouse bioassay for analysis of known
toxins in shellfish tissue in research work and monitoring.
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3.4 Experimental
Azaspiracid standard toxins, AZAl, AZA2 and AZA3, were isolated from toxic mussels (M
edulis) as described previously [118], [119]. HPLC-grade acetonitrile, ethanol and water were
purchased from Labscan (Dublin, Ireland) and trifluoroacetic acid (TFA) from Sigma-Aldrich
(Dorset, U.K.). Naturally contaminated scallops {P. maximus) and mussels (M edulis) were
harvested from Bantry, Co. Cork, Ireland.
MUS-IB, certified reference shellfish material (36±1 pg DA/g) and DACS-IC, certified
calibration solution (lOOpg DA/mL) were obtained from the National Research Council,
(Halifax, Canada).

3.4.1. Extraction of both toxins (ASP and AZP) from shellfish tissue
Azaspiracid contaminated mussel tissue (M edulis) collected from Bantry in 2000 were used
for this study and two different concentrations of DA (5pg/g and 20 pg/g) were spiked into the
sample.
Shellfish tissue (200 g) was homogenised (Ultra Turrax, IKA, Germany) for 15 min.
Homogenised tissue {ca. 4 g) was accurately weighed into a 50 mL centrifuge tube, 5 mL
ethanol/water (2:1) was added and again homogenised for 1 min followed by centrifugation at
3000 rpm for 10 min. The supernatant was transferred to a new 50 mL centrifuge tube, the
extraction procedure was repeated on the residue using 4 rnL of ethanol/water (2:1) the
supernatant was transfeired to centrifuge tube. A 1 mL aliquot was filtered using a ImL plastic
syringe (BD plastipak) and filter syringe (25mm diameter, 0.45 pm Whatman, Gelman) and 3-5
pL of this solution was used for LC-MS analysis.

3.4.2. Liquid chromatography-mass spectrometry (LC-MS)
The LC system was linked to a Finnigan MAT LCQ Classic ion-trap mass spectrometer
(Thermo-Finnigan, San Jose, CA, USA). The LC system was a Waters 2690 Alliance (Waters
Corporation, Milford, MA, USA) HPLC system that included a thermostated autosampler, which
maintained sample vials at 4 °C. Gradient chromatography was performed using acetonitrilewater (containing 0.0375 % trifluoroacetic acid (TFA) (18-82 v/v) for the first 2 min; (85-15 v/v)
for the next 6 min, (18/82 v/v) for the final 7 min, at a flow rate of 200 pL/min, with a reversed
phase column Cig (Luna (2), 5 pm, 150 x 2.0 mm, Phenomenex, Macclesfield, UK) at 40°C. The
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retention time for domoic acid was 2.7 min and 7.03 min, 1min, 7.37 min for AZA3, AZAl
and \ZA2 respectively. Using an automated sequence, MS detection was carried out between 2 15 min of the chromatography, scanning domoic acid fragments during 2-5 min and AZAl,
AZA2 and AZA3 between 5-15 min of the analysis.
Mass spectrometric analysis was carried out in atmospheric pressure ionisation using an
electrospray source in positive mode. The MS was tuned using AZAl standard solution (1
pg/mL) which was infused at 3 mL/min with monitoring of the [M+H]^ ion at m/z 842.5 and a
certified domoic acid standard solution (Ipg DA/mL) and the optimised Tune Plus parameters
for the analysis of both toxins were follows: capillary temperature (195‘’C), spray voltage
(5.50KV), capillary voltage (30V) and with the arbitrary units for sheath gas flow and auxiliary
gas flow set as 90 and 20, respectively. Optimised lens values were, tube lens offset (V) of 25,
octapole Rf Amp (Vp-p) of 400, octapole 1 offset (V) of -3, octapole 2 offset (V) of -5.50,
interoctapole lens (V) of-26. The main advantage of the ion-trap MS detector is that several scan
events can be achieved during a chromatographic run and these included MS, MS , MS' for each
toxin at different periods of time.
The optimum collision energies for LC-MS, LC-MS/MS for DA was 30%, where the
molecular ion [M+H]^ as the base peak at was m/z 312. Using an optimised relative collision
energy (RCE) of 30% the most predominant peak observed was 266 resulted from the loss of a
fonnic acid molecule [M+H-HCOOH]^ or water and carbon dioxide [M+H-H20-C02]^. These
fragments were selected as they showed the greatest reproducibility in tenns of peak area [158 J.
Collision-induced dissociation (CID) in the ion-trap using the protonated molecule for the
three main azaspiracids which fragmented similarly giving major ions due to the sequential loss
2

of water molecules. The optimised relative collision energies were 25 % for MS" and 33 % for
MS^ experiments. Azaspiracids were determined using the following target parent and fragment
ion combinations in the mass spectrometer: AZAl {m/z = 842.5 => 824.5 =e> 806.5); AZAl {m/z =
856.5 => 838.5 ^ 820.5); AZA3 {m/z - 828.5 => 810.5 => 792.5) described previously by Furey
and co-workers [118]. Quantitative data for all azaspiraeids were based on standard AZAl.
A divert time of 1 min was set at the start of each analysis in order to avoid blocking the
heated capillary region with early eluting matrix material.
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SECTION B

“MYCOTOXINS’

Chapter 4

“Introduction to trichothecene Mycotoxins

This group of mycotoxins is caused by several genera of fungi; Fusahum, Trichodenna,
Myrothecium,

Stachyhotrys,

Cyliudrocarpon

and

Trichothecium,

from

which

the

trichothecene name has its origin. [1]. The Fusarium fungi are characterised to be the most
prevalent toxin producing fungi and are frequently found in commodities in different regions
of America, Europe and Asia [2].
Trichothecenes were isolated from natural sources, generally fungal, from which a total of
170 were counted by Grove, but this number continues to increase [3], [4].

4.1 Structure of Trichothecene mycotoxins
Trichothecenes belong to a group of closely related sesquiterpenoids. Most of which
contain a double bond and an epoxide ring at position C-9, 10 and C-12, 13 respectively, and
also a variable number of hydroxyl and acetoxy groups. Their toxicological activity is due to
the epoxide at the C-12, 13 position [5]. Figure 4.1 shows the structure and numbering system
of the trichothecene skeleton.

Figure 4.1 Structure and numbering system of Trichothecenes.

The trichothecenes have been classified in four groups; A, B, C, and D, according to the
basic structure and producing fungi [1]. Type A, for which the carbonyl group at position C8
is missing, includes among others T-2 toxin, T-2 tetraol tetraacetate, HT-2 toxin and
Diacetoxyscirpenol. Type B trichothecenes are characterised by a carbonyl group in position
C-8; Deoxynivalenol and Neosolaniol are the main trichothecenes belonging to this group.
Type C is characterised by a second epoxide at the C-7, 8 or C-9, 10 position and includes
crotocin and baccharin. Type D trichothecenes contain a macrocyclic ring between the C-4,
15 positions, such as verrucarins, roridins and satratoxins. They are produced mainly by
species closely related to the genera Stachyhotrys and some higher plants [6], and constitute
less than 40% of all identified trichothecenes.
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4.2 Toxicology
Mycotoxins belong to a diverse group of secondary fungal metabolites, therefore their
chemistry and toxicology vary extensively. The trichothecenes exhibit a wide range of
bioactivities including insecticidal, antifungal, antivital, antibacterial [1]. They have four
basic kinds of toxicity: acute, chronic, mutagenic and teratogenic [7]. The consumption of a
mycotoxin contaminated diet may induce acute and longterm chronic effects resulting in
teratogenic, carcinogenic (mainly liver and kidney), oestrogenic, or immunosuppresive effects
on animals and humans [8],
Due to the biological activity of several secondary fungal metabolites many of these
trichothecenes have been used in the development of important pharmaceuticals products
including antibiotics (penicillin), immunosupressants (cyclosporin A) and cholesterol
lowering medications (lovastain) [5].
In general, trichothecenes are considered to be resistant to degradation by environmental
factors such as light and temperature, they are not destroyed by normal industrial processing
or cooking since they are heat-stable [2], In addition, they are non-volatile compounds, and
under strong acid or alkaline conditions can be efficiently deactivated. Remarkably, the
coexisting presence of bacteria with the fungi can alter the chemical structure of the toxins
and therefore, detoxify them [9], [10].
Trichothecenes are found to inhibit protein synthesis, DNA and RNA synthesis, and also
have immunosuppressive and haemorrhaging effects [11], [12]. T-2 toxin induces DNA
damage and cell death on prolonged administration. The immune system is a primary target of
T-2 toxin and the effects include delayed hypersensitivity, depletion of selective blood cell
progenitors, changes in leukocyte counts and depressed antibody formation [2].
Aerosolised tnchothecenes have also been studied as potential biological or chemical
agents of warfare. In the late 1970s and early 1980s, these toxins were employed on civilian
and refugee populations in Laos, Kampuchea and Afghanistan and became known as “yellow
rain”. The symptoms included, bleeding, nausea, fever, dyspnoea, dizziness, and vertigo [13].
Although the number of characterised trichothecenes is large, only few of these have been
detected so far in naturally contaminated cereals and commodities. More have been recently
identified in the indoor environment where exposure produced negative health effects [14].
Acute and subacute toxicity is characterized by feed refusal and weight loss, and increased
susceptibility to infectious diseases. Among the most sensitive animals are swine where
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following consumption trichothecenes are rapidly distributed and metabolised, while in
ruminants trichothecenes are detoxified [1].
Most toxicokinetics studies have been carried out in laboratory animals and domestic
livestock, consequently very little data are available on the trichothecenes in humans [5].
In addition, environmental conditions including temperature, humidity and growth
substrate affect significantly the production of trichothecenes [15].
Limits of tolerance have been reported. The US food and drug administration advisory
committee have set maximum allowable levels for DON at Img/lcg for bran, flour and genn
for human consumption. Norwegian and Swedish guidelines set a maximum of 500 and
400|Lig/kg of DON respectively in feed swine. Analytical methods used to monitor these
toxins need to be capable of detecting trichothecenes down to 100--500|ig/kg in naturally
contaminated samples [16].
These mycotoxins are under continuous survey, but the regulatory limits need to be set
and harmonised [2]. Consequently, there is a clear need for the development of new sensitive
and reliable methods for the determination of mycotoxins in cereals and feedstuff

4.3 Isolation and Production of Trichothecenes
There are over 170 naturally occurring fungi metabolites of trichothecene mycotoxins.
They are produced by different fungal species including, Fusarium, Myrothecium,
Trichothecium, Cephalosporium, Verticunonosporium and Stacliihotrys. The first compound
to be isolated in the 1940’s, as an antibiotic was trichothecin, from the species Trichothecium
roseum by Freeman and co-workers [1]. Cereals contaminated by various Fusarium species
are the main source of non macrocyclic trichothecenes in food and feedstuffs. The fungi may
contaminate the grain during the growing season, the most affected cereals are wheat and
maize [17].
There are several species of toxigenic fungi and soil fimgi that are capable of producing
non- macrocyclic trichothecenes and macrocyclic trichothecenes. The fungal species and
structures of the naturally occurring trichothecene mycotoxins according to Ueno [1], are
listed on table 4.1, and 4.2.
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4.4 Extraction, purification and analysis
Mycotoxins are not uniformly distributed in grain and naturally contaminated samples
therefore, sampling should take account of this. General guidelines on sampling for
mycotoxins have been reported; the same principles can be applied to trichothecenes [18].
As a consequence of significant differences in polarity among the trichothecenes toxins, it
is difficult to develop a simultaneous method for their detection. Obviously, a fiirther
difficulty is the development of an universal sample clean-up protocol. When same
purification procedure is used for a number of trichothecenes, generally results low recovery
for at least one of the toxins.
The extent of a clean-up required, depends on toxin concentration, the matrix, type of
trichothecenes to be analysed and finally the detection system [16]. Mass spectrometry
provides the best means of natural toxin detection, as it requires a minimum of sample clean
up and can be applied to compounds with wide range of chemical properties [19], [20].

4.4.1 Purification steps: Clean-up
A large number of Solid Phase Extraction (SPE) cartridges and solvent combinations have
been described for the purification of crude extracts. Most procedures applied to date are
generally based on one of four column types; including charcoal-alumina, Mycosep, silica and
magnesium silicate.
The charcoal-alumina is the most extensively applied column for purification of crude
extracts and was introduced by Romer and coworkers [21 ].
MycoSep, is a modified-charcoal alumina column and was first time described by Romer
Labs. The stationary phase is made of various adsorbents, such as; charcoal, celite and ionexchange resin [21], [22]. The use of MycoSep columns eliminates more interferences than
the procedure consisting of two different purification steps, one on the charcoal-aluminaCelite column and one on a silica cartridge [16].
Silica columns can be used for either SPE columns which are normally distributed
prepacked in plastic cartridges or glass columns with the inconvenience that a number of
laboratories choose to pack their own columns, this however prolongs the sample preparation
time [16].
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The use of magnesium silicate columns (also called Florisil) have demonstrated and were
more successful in removing matrix interferences than silica columns [23].
Finally a combination of various columns can be applied, especially when analysing both
type A and B trichothecenes, an extra clean-up set is carried out after the charcoal-alumina
column, usually on Florisil, silica or C-18 [24], Many of the described methods contain
several purification steps and are tedious and long. The main disadvantage is the more clean
ups or purification steps the higher the chance of sample loss.

4.4.2 Methods of Analysis
Trichothecenes pose one of the major human risks according to authorities worldwide
therefore, reliable analytical methods are necessary for their determination A. comprehensive
review of the literature have been carried out by, Gilbert, [25], Scott [26], Langseth and
Rundberget [16]. A summary of the methods used for the analysis of trichothecene
mycotoxins is shown in table 4.3.
Initial methods used included immunochemical methods, especially enzyme linked
immunosorbent assay, ELISA, which were established for DON, T-2 toxin and other
trichothecenes. Assays such as these are capable of providing a rapid, highly sensitive method
that allows for large sample throughput [27-30]. In addition to biological methods, a
cytotoxicity assay has been also reported for the detection of trichothecene mycotoxins [28].
The first analytical method developed for the analysis of types A and B trichothecenes
was thin-layer chromatography (TLC), which required visualisation by various reagents,
especially type B trichothecenes. Aluminium chloride was the most commonly used reagent
[29].
A variety of physico-chemical techniques have been employed to analyse low quantities
of trichothecene mycotoxins per kg of sample and many have employed high performance
liquid chromatography (HPLC). High resolution gas chromatography (HRGC) using
derivatives reagents has also been applied to the toxins in order to improve detection and
quantification limits.
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Gas chromatography analysis is the method most commonly applied for the deteimination
of types A and B trichothecenes in food and cereals. These methods are based on
derivatization of the hydroxyl groups forming fluoroacyl derivatives, such as TFA
(trifluoroacetyl) [30], PFP (pentafluoropropionyl) [31], [32], HFB (heptafluorobutyryl) [33],
[34], and also trimethylsylyl (TMS) such as BSA (bis(trimethylsilyl)acetamida) [35],
derivatives TMSI (trimethylsilylimidazole) [11], [36] and TMCS (trimethyltrichlorosilane)
[36] , [12]. The choice of reagent depends on the type of trichothecenes and the method of
detection employed. The more hydroxyl groups present on the molecule the greater the
sensitivity. The increase in sensitivity is as a result of the compound being more volatile. In
type B trichothecenes the conjugated carbonyl group makes them especially sensitive to
electron capture detection (ECD) and flame ionisation detection (FID). Type A exhibits
enhanced sensitivity when reacted with fluoroacyl groups. [16]. Remarkably, GC analysis
without derivatization has been also published using as a method of detection FID and MS
[37] . Several researchers have developed methods for trichothecenes by HPLC after
derivatization [38], [39], [49]. Trichothecenes A, in contrast with trichothecenes B do not
have a conjugated double bond, therefore are unable to be analysed by ultraviolet detection.
Fluorescence detection (FLD) has been used where an accessible functional group present
in the toxin can be reacted with a reagent possessing a highly fluorescent moiety, and also
employing postcolumn derivatization systems (table 4.3). Liquid chromatography with
Huorescence detection (LC-FLD) provides a highly sensitive method of detection for both
types of trichothecenes [39].
Alternative techniques such as Supercritical fluid chromatography (SFC-MS) has been
also applied, the spectral data was similar to that obtained using GC-MS, this method has
been applied to the analysis of both type A and B trichothecenes and macrocyclic
trichothecenes. The detection limits achieved using SFC-MS are in the same range as with
GC-MS [40].
Liquid Chromatography coupled with Mass Spectrometry (LC-MS) techniques eliminates
the need for sample derivatization and has also the ability to analyse a number of target
analytes in complex matrix due to the structural and molecular mass information obtained.
LC-MS is readily applicable to the analysis of trichothecenes A, B and macrocyclic
trichothecenes (C and D) in a range of sample types [41].
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4.4.3 Review on Ionisation techniques
There are several types of MS ionisation interfaces including, fast-atom-bombardment
(FAB) [52], frit-fast-atom-bombardment (frit-FAB) [42], dynamic fast-atom-bombardment
(FAB) [43], thermospray (TSP) [53-56], plasmaspray (PSP) [43], atmospheric pressure
chemical ionisation (APCI) [44],[59], electrospray ionisation (ESI) [45] and turbospray
(TISP) [46],
TISP has been used without derivatisation to analyse trichothecenes, this resulted in the
formation of the ammonium adduct ion [M+NH4]^ [46]. Fragmentation of this ion offered
very little information for the identification and characterization of the trichothecenes [47],
[48].
Liquid chromatography using frit-FAB-MS was also applied to the analysis of
trichothecenes at low concentrations, one disadvantage is the production of abundant glycerol
adduct ions (used as a dopant, in order to improve the ionisation process). MS/MS of the
protonated molecule [M+H]^, produces fragment ions resulting from the losses of various
functional groups [42].
LC using desorption chemical ionisation (DCI) tandem MS has also been applied to the
analysis of trichothecenes in relatively pure samples. The chromatography was very poor and
identification of the analytes was difficult in spite of the specificity of MS/MS. Therefore, this
method may not be sufficient to determinate trichothecenes in complex matrices [42].
In addition, the recently developed interfacing techniques of plasmaspray (PSP) and
dynamic fast atom bombardment (FAB) have been demonstrated to be more efficient
ionisation processes than thermospray (TSP) and also provide more structurally informative
fragment ions [43].
Further studies on fragmentation and elucidation of trichothecenes A and B applying LCAPCI combined with ion trap MS have been conducted and have provided about substitution
and the fragmentation behaviour of the mycotoxins [45].
Analysis of four trichothecene mycotoxins was conducted using liquid chromatography
tandem mass spectrometry (LC/MS/MS) using two different interfacing systems, turbo ion
spray (TISP) and atmospheric pressure chemical ionisation (APCI) coupled to a triple
quadrupole mass spectrometer, the results were compared in both positive and negative ion
modes, it was found that the negative mode was better [46].
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A review of the literature revealed that up to recently most of the published work on LCMS and LC-MS/MS techniques are now proving to be a useful tool to structurally elucidate
known and unknown trichothecenes. Work is on going using these techniques for the analysis
of trichothecenes.
In this section an investigation applying LC-MS/MS in positive mode on trichothecenes
was conducted using atmospheric pressure ionisation sources (API), including atmospheric
pressure chemical ionisation (APCI) and electrospray ionisation (ESI) coupled to an ion trap
MS and also turbo ion spray (TISP) and atmospheric photo ion spray (APPI) coupled to a
triple quadmpole MS. The results were in order to determine the most sensitive means for
determining seven trichothecene compounds. In addition, structural confirmation and
elucidation of trichothecenes was possible with the aid of a hybrid quadrupole time-of-flight
(QqTOF) MS operated in positive mode. The main advantage of the QqTOF-MS is its ability
to provide high mass accuracy data, this allows for structural assignment of fragmentation
ions. The ion trap MS" data provides complimentary information enabling the determination
of fragmentation pathways.
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Chapter 5

‘‘Characterization of trichothecene Mycotoxins I:
Identification and Quantitative determination in beer
by Liquid Chromatography tandem Ion Trap Mass
Spectrometry”

5.1 Introduction
The diversity of trichothecene contamination of foodstuffs leads to a wide range of toxic
effects in humans and animals such as feed refusal, vomiting, anemia, immunosuppression and
hemorrhage [8]. Much effort has been focused on the development of quick and reliable methods
for their determination and quantification [45]. The fact that trichothecenes differ significantly in
polarity, from T-2 toxin to Neosolaniol make them challenging compounds to analyse. T-2 tetraol
tetraacetate posses four carboxylic group whereas T-2 toxin contains an isovaleryl group and only
one hydroxyl group. Because of their structural diversity the detenuination of all trichothecenes
has to date not be achieved. The main problem of trichothecene analysis is sample pre-treatment
for obtaining a fast and selective extraction of the mycotoxins from the complex sample matrix
[16]. The commonly used sample extraction and clean-up procedures require time-consuming
solvent extractions and high consumption of organic solvents generally followed by solid phase
extraction (SPE) employing a large number of cartridges and solvent combinations, including,
silica gel, florisil, Cig and others [49]. The use of a selective detector such as a mass spectrometer
decreases the need for tedious clean-up of the sample.
The quadrupole ion-trap consists of a hyperbolic ring electrode and two hyperbolic end caps.
The device can store, mass select, dissociate and mass analyse ions by varying electric fields
applied to the electrodes. Helium carrier gas at a pressure of ~ ImTorr is employed to help to
improve sensitivity and resolution. Ionisation takes place at or near center of the trap as the
trapping potential is greatest at this point and leads to optimum trapping efficiencies. This
internal ionisation process is applicable mostly to electron and chemical ionisation methods,
which are suitable only for volatile species. This has led to development of instruments with
external sources from which analytes ions are injected into the trap.
Specific advantages of the ion trap are realised when coupled to an ESI source. The high
transmission efficiencies produced by an ion trap benefits the generation of product ions from the
precursor ion using collision induced dissociation (CLD) to a greater degree than beam ionisation
techniques [50]. This advantage coupled with the tandem-in-time mass process of the ion trap
allows multi-stage tandem mass spectrometry experiments to be conducted for structural
elucidation studies on analytes at low concentrations.
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Figure 5.1 Diagrammatic Comparison of the Quadmpole Mass Filter, typically used in Triple Stage Quadmpole
Mass Spectrometers and the Quadmpolar Ion Trap Analysers used in the Ion Trap MS

Ms" scanning is achieved by trapping the precursor ions from each scan stage, ions with
specific m/z values are stored in the mass analyser. A DC voltage is applied across the end cap
electrodes, the amplitude of this voltage is gradually increased, in turn the motion of the trapped
ions increase. This increase in Kinetic Energy causes the trapped ions (precursor ions) to collide
with each other and with the Helium damping gas in the trap, these collisions result in
fragmentation, this is referred to as collision induced dissociation (CID). In a quadmpole ion trap,
this process can be repeated eight times or more to produce several generations of fragment ions.
LC-MS studies were conducted on the ion trap MS using APCI and ESI interfaces. Although
LC-APCl-MS shown better sensitivity than LC-ESI-MS. However, MS/MS studies were not
possible due to poor ionisation efficiency despite the corona discharge voltage was tuned on the
APCI probe.
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5.2. Results and Discussion

5.2.1 LC-MS' analysis of the Trichothecenes toxins
LC-MS/MS studies were conducted using a quadrupole ion trap MS. The fragmentation
pattern obtained for each toxin formed the basis for the development of a rapid LC-MS method to
detennine the presence of these toxins in samples.
An investigation of the most abundant parent ions was carried out prior to the development of
a method for the seven trichothecenes. For T-2 toxin, T-2 toxin d3 and T-2 Tetraoltetraacetate the
sodium adduct ion [M+Na]^ presented the highest response. However, for Roridin-A,
Diacetoxyscirpenol, 4,15-diacetylverrucarol and Neosolaniol was the ammonium adduct ion
[M+NH4]^

Figure 5.2 LC-MS analysis of 0.5 ug/ml Trichothecenes standards in matrix of beer using ESI ionisation source: [1]
T-2 toxin d3 (492.0 m/z, 15.44 min), [2] T-2 toxin (489.1 m/z, 15.44 min), [3] T-2 Tetraoltetraacetate (489.1 m/z,
10.25 min), [4] Roridin-A (550 1 m/z, 13.00 min), [5] 4,15 diacetylverrucarol (368.0 m/z, 9.95 min), [6]
Diacetoxyscirpenol 384.0 m/z 5.33 min), [7] Neosolaniol (400.0 m/z, 2.67 min)

Often these mycotoxins are found at very low concentrations in the sample. Therefore LCMS" techniques were applied in order to get structural information of such compounds. The main
advantage of the ion trap MS, is that there is a dramatic reduction in the noise at successive MS"
stages. This is a consequence of the trapping process, where interfering ions are excluded from
the quadrupolar trap.
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Collision-induced dissociation (CID) was perfoiTned in the ion trap MS by trapping and
fragmenting the [M-fNa]"^ precursor ion for T-2 toxin, T-2 toxin d3, T-2 Tetraoltetraacetate and
the [M+NfC]^ precursor ion for the rest of trichothecenes using ESI and APCI as an ionisation
source. The fragmentation of each parent ion was carried out separately .The major fragment ions
for each toxin were obtained by applying different collision energies using ESI for the target
compounds. The relative collision energies of each toxin were optimised individually for MS^
experiments, these values are shown in table 5.1. It was found that ions generated using APCI
were more difficult to fragment than with ESI and therefore it was concluded that ESI was more
suitable to obtaining structurally informative spectra. Trichothecenes were determined using ESILC-MS/MS using the target ions given in table 5.1. The optimised collision energies applied to
the precursor ions are also in table 5.1.

Table 5.1 Shows target parent ion, molecular weight and collision energy applied to each mycotoxin

Trichothecenes

Parent ion

T-2 toxin
T-2 toxin ds
T-2 Tetraol tetraacetate
Roridin-A
Diacetoxyscirpenol
4,15-diacetyl verrucarol
Neosolaniol

[M+Na]^
LM-hNaJ^
[M-hNa]^

Molecular
weight
489.1
492.2
489.1
550.1
368.0
384.0
400.0

[M-i-NH4]^
[M-i-NH4]^

[M-1-NH4I"
[M-hNH4]^

Relative Collision
Energy RCF2)(%)
28
28
28
20
18
22
20

In order to further investigation, the fragmentation pathways, each trichothecene was studied
separately applying different collision energies in each MS" stage for their characterization and
analysis.
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Figure 5.3 LC-MS^ analysis of Trichothecenes in beer using ESI

5.2.1.1 T-2 Toxin and T-2 toxin ds
The T-2 toxin standard was analysed by flow injection analysis (FIA) on the mass
spectrometer. The full scan MS spectrum did not show the protonated molecule [M+H]^ at m/z
467.1 characteristic of T-2 toxin. The spectrum showed the sodium [M+Na]^ and ammonium
[M+NHa]^ adduct ions. Inspection of the spectrum indicated that no major impurities were
present.
In the ESI MS/MS study of T-2 toxin the optimum relative collision energy was 28% this
resulted in a CID spectrum with a prominent ion at m/z 387.1. This ion was due to the loss of the
i-valC02H ((CH3)2CHCH2C00H), portion of the molecule. Other fragment ions were also
observed in the MS/MS spectra at m/z 429 1, 327.2 and 301.7, these were generated as a result of
the loss of carboxylic groups from T-2 molecule. An ion was also apparent at m/z 245.0 resulted
from the elimination of sodium acetate from the ion at m/z 327.2 (Figure 5.4).
For comparison purposes MS/MS studies with deuterated T-2 toxin were conducted when a
collision energy of 28% was applied to T-2 ds exactly the same losses were observed as for T-2
toxin, but the fragment ions were present at different relative abundance in the deuterated spectra
compared with non deuterated spectra. The ion at m/z 390.1 resulted from the loss of the ivalC02H, different losses of carboxylic groups from the T-2 ds lead to ions at m/z 432.2, 330.1
and 307.8. The ion at 245.0 m/z in the spectrum of T-2 d3 results from an elimination of sodium
acetate from the ion at m/z 327.2, this ion is also present in the spectrum of T-2 toxin (Figure
5.5).

79

Figure 5.4 ESI MS/MS spectra of T-2 toxin at 28% collision energy
390 1

Figure 5.5 ESI MS/MS spectra of T-2 toxin da at 28% collision energy
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5.2.1.2 T-2 Tetraol Tetraacetate
In the MS/MS spectrum of T-2 Tetraol Tetraacetate an ion is apparent at m/z 429.1, this is due
to the loss of one of the acetic groups side chains. The ions at m/z 369.1, 227.0 m/z are due to the
loss of another two of the acetic groups and the ion m/z 287.0 results from the loss of one sodium
acetate molecule from the ion at m/z 369.1. The presence of an ion at m/z 245.0 common to T-2
toxin and T-2 toxin d3 is suggested to result from the loss of CH2CO from the m/z 287.0 (Figure
5.6).
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Figure 5.6 - ESI MS/MS spectra of T-2 tetraol tetraacetate at 28% collision energy

5.2.1.3 Roridin-A
Owing to the fact that Roridin-A is a macrocyclic trichothecene, the product ion spectrum
associated with this toxin presents sequential neutral losses and cleavages. The structures
proposed for the fragmentation ions are likely to be formed by cleavage at ester groups and ether
linkages in the exocyclic ring (Figure 5.7).
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532.9
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Figure 5.7 ESI MS/MS spectra of Roridin-A at 20% collision energy

5.2.J.4 4,15-Diacetyl-verrucaroI
In the spectrum of 4,15-Diacetyl-verrucarol the ammonium adduct [M+NHa]^ at m/z 368.0
presented the highest response, therefore it was selected as a precursor ion. The MS/MS spectra
shows few fragmentaion ions. There are however three predominant ions in the CID spectra at
m/z 308.6, m/z 290.9 and m/z 230.9. These are originated from the sequential loss of ammonia,
carboxylic acid and ammonia and water respectively (Figure 5.8).
As 4,15-Diacetyl-verrucarol does not posses any hydroxy group, the loss of water is most
likely to occur from the acetoxy group. This may indicate that for the rest of trichotheces the
losses of water can occur from the acetoxy and isovaleryl groups.

82

Figure 5.8 ESI MS/MS spectra of 4,15 diacetylverrucarol at 22% collision energy

5.2.J.5 Diacetoxyscirpenol
The full scan MS/MS spectrum of the Diacetoxyscirpenol obtained on the ion trap is shown
along with assignments for the product ions (Figure 5.9). The product ions may be assigned to
various combinations of losses of water, ammonia, and carboxylic acid side chains from the
backbone of the molecule.

Figure 5.9 - ESI MS/MS spectra of Diacetoxyscirpenol at 22% collision energy
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5.2.1.6 Neosolaniol
The LC-MS/MS spectra (Figure 5.10) of this trichothecene presented characteristic losses of
carboxylic acids, water and ammonia similar to diacetoxyscirpenol since the only difference
between these toxins is an extra hydroxyl group.
The most abundant parent ions in the MS spectra stage of each toxin were selected in order
to generate and MS data. The most abundant ions from the MS spectra was then selected to
obtain an MS"^ spectrum. However, MS^ and MS"^ spectra presented a very low response and
therefore MS^ was used for the development of a method.
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Figure 5.10 ESI MS/MS spectra of Neosolaniol at 20% collision energy
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5.2.2. Calibration curves
For the calibration studies three to five simultaneously scan events were performed at
different times during the run in order to get the maximum sensitivity. It was possible to segment
the MS scan events performed owing to different retention times of the target toxins. Fragment
ions were selected from each MS" (n=l, 2) stage and calibration curves were constructed from
the corresponding total ion chromatogram (TIC) peak areas for each toxin. Fragment ions
selected for quantification are shown in table 5.2. These fragments were selected as they showed
the greatest reproducibility in terms of relative abundance. Calibration curves of a standard mix
(Figure 5.11) showed good linearity in the range 0.5 - 10 /tg/ml for MS and MS^ of each toxin.
The detection limit (3:1 signal: noise) and regression factor are also shown in table 5.2.
Table 5.2 Detection Limits based on 3:1 signal-to-noise and regression factor (r^) for the Mycotoxins analysed using
ESI positive ion detection by LC-MS and LC-MS^

Compound
T-2 toxin
T-2 Tetraoltetraacetate
Roridin-A
Diacetoxysciipenol
4,15-di acetyl verrucarol
Neosolaniol

Parent ion

489.1
489.1
550.1
368.0
384.0
400.0

Correlation Factor

Detection l^imits (pg/ml)

MS

MS^

MS

MS^

0.9953
0.9973
0.9913
0.9975
0.9922
0.9900

0.9927
0.9930
0.9990
0.9956
0.9932
0.9800

0.25
0.30
0.05
0.05
0.05
0.10

0.20
0.25
0.02
0.03
0.05
0.10

The improvement in the signal-to-noise at MS^ stage compared with full scan MS for the
trichothecenes can be expected because at the MS stage, interference ions are removed from the
trap.
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Figure 5.11 Average calibration plots using standards containing 0.5-10 /xg TR/ml for MS and MS^ (n=3) were
obtained. All plots were linear and presented great r^ values (table 5.2) for all mycotoxins in this study

5.2.3 Development and optimisation of SPE conditions for Trichothecenes
1 ml aliquots of 90:10 (Water/ Methanol) HPLC grade were spiked with 7 trichothecenes
standards at concentrations of 5/rg/ml. These were applied to each of the SPE catridges (DSC,
DPA, OASIS and ENVI-18). Analyses were performed using the conditions described in section
5.4.2.2. The result of this study proved that the cartridge that gave the best results was ENVI-18,
therefore was selected for sample purification.
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5.2.3.1 Preparation of the trichothecenes standards

The standards were prepared in a matrix of 1ml non-contaminated beer after SPE clean-up,
using the ENVI-18 catridge following the procedure described in section 5.4.2.2.

♦

Neosolaniol

Figure 5.12 Average calibration plots using an extract of beer contaminated with 0.5-10 /rg TR/ml for MS^ (n=3)

The linearity achieved for the six trichothecenes studied in 1 ml of beer after SPE clean-up
was good

Figure 5.13 Chromatogram of the extract of beer contaminated with 1/ig TR/ml from LC- MS^
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5.2.J.2 Optimisation of volume of beer sample on the SPE cartridge
The volume of beer sample loaded onto the SPE cartridge was also optimised in order to get
the highest recoveries for all trichothecenes studied.
Different volumes 1, 10, 20, 30, 40 and 50 ml of beer, spiked with 2.5 pg of each
trichothecene, were loaded onto the SPE cartridge, following the same procedure described in
section 5.4.2.2 (Figure 5.14).

T-2 toxin

Figure 5.14 Effect of the volume of sample applied to SPE on the peak area for each trichothecene using ESI tandem
MS/MS

The recoveries were calculated for each volume of beer added, achieving percentages not
better than 60-70%. This was initially thought to be due to the loss of the toxins during the
conditioning or wash stages of the SPE protocol. But the low recoveries were in fact due to a
matrix suppression problem. In order to solve this problem, the standards were prepared in 1 ml
of beer as described in section 5.4.2. The recoveries were calculated for 1 ml of beer sample, and
are shown in table 5.3.
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Table 5.3 Recoveries achieved for 2.5/xg spiked in 1 ml of beer of each trichothecenes before and after performing
SPE procedure

Recoveries (%) N=3
T-2 Toxin
T-2 Tetraol tetraacetate
Roridin A
4,15 Diacetyl verrucarol
Diacetoxyscirpenol
Neosolaniol

Spiked before SPP]
95 ±6
85 ±6
121 ± 1
84 ±2
68±3
35 ± 1

Spiked after SPE
74 ±8
85 ±6
122 ± 1
106 ± 1
71±2
34 ± 1

Data obtained on table 5.3 are quite similar, this therefore proves the reliability of the SPE
clean up developed in this study. In addition , the recovery obtained for neosolaniol is quite low
in the beer, owing to severe ion suppression. Although quantification for this toxin was
performed using as a precursor ions

and [M+Na]"^ the recoveries achieved were

constantly low.
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5.3 Conclusions
The more MS scan events prescribed to run simultaneously, the lower the sensitivity of the
method. The diversity in polarity of the toxins ensured different retention times, therefore, it was
possible to divide the LC run time into two segments, this means that less scan events need to be
deployed in the analysis of a mixtures of analytes, thus improving the response for each
individual component.
The chromatographic separation and detection of seven trichothecene mycotoxins have been
achieved using a highly sensitive and specific LC-MS method. Using Electrospray ionisation
source coupled to ion-trap mass analyser, ion fragments have been identified that are
characteristic for each mycotoxin.
The combination of high resolution chromatographic separations and unique mass spectral
characteristics for each toxin presented in this study, permited the detennination and
quantification of seven trichothecenes.
High recoveries were obtained for the SPE method developed for beer samples, except for
neosolaniol, which presented an elevated ion suppression.
The protocol described in this study will facilitate further isolation of several trichothecenes
that are present in food and feedstuffs at low levels.
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5.4 Experimental
5.4.1 Material and Methods
All trichothecenes standard toxins, were purchased from Sigma-Aldrich, Dublin, Ireland.
HPLC-grade acetonitrile, methanol and water (Labscan, Dublin, Ireland), trifluoroacetic acid
(TFA), ammonium acetate from Sigma-Aldrich (Dorset, U.K.) and commercial Beer.
SPE cartridges: Supelclean ENVI-18 3ml, DSC-18 3ml 250 mg, DPA-6S 3ml 500 mg, were
purchased from SUPELCO, Supelco Park Bellefonte, PA 16823-0048 USA. Waters OASIS HLB
6cc 0.2g (Waters, Ireland)
T-2 toxin, Diacetoxyscirpenol, Roridin A were prepared from a 125pg/ml stock solution in
pure methanol and T-2 toxin d3, 4,15 diacetylvenoicarol, T-2 tetraol tetraacetate and Neosolaniol
from a stock solution of 25pg/ml in pure methanol, repectively.

5.4.2 Extraction of Trichothecenes
5.4.2.1 Sample preparation of Beer
Beer samples which were previously cooled at 4 °C for 30 min to prevent fast foam fonnation
that may lead to pouring out of sample.
5.4.2.2 Sample clean-up
A 3ml capacity ENVI-18 SPE (Supelco, Phenomenex) was preconditioned with 5 ml of
methanol, followed by 5 ml of water and 1ml of methanol/water (1:9). Different volumes of beer
sample 1,10, 20, 30, 40, 50 ml were loaded onto the SPE column and forced slowly through the
cartridge. The column was washed with 3ml of 25:75 methanol/water. The trichothecenes were
eluted with 3ml of pure methanol and then evaporated to dryness using nitrogen at 40 °C
(TurboVap, Zymark, MA, USA). The residue was reconstituted with pure methanol (1 ml) and an
aliquot (5 pi) was used for LC-MS analysis.

5.4.3 Liquid chromatography-mass spectrometry (LC-MS)
5.4.3.1 Conditions on the HPLC
The LC system was linked to a Finnigan LCQ Classic ion-trap mass spectrometer
(ThermoFinnigan, San Jose, CA, USA). The LC system was a Waters 2690 Alliance (Waters
Corporation, Milford, MA, USA) that included a thermostated autosampler, operated at 4 °C.
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Isocratic chromatography was performed using acetonitrile-water (40:60) containing 0.05 %
trifluoroacetic acid (TFA) and ImM Ammonium acetate, at a flow rate of 200 pl/min, with a
reversed phase column Ci8 Luna (2), 5 pm, 150 x 2.0 mm, Phenomenex, Macclesfield, UK) at 40
”C. Using an automated sequence, the eluent flow was diverted to waste for 1 min after sample
injection in order to avoid matrix from samples spraying into the source. MS detection was
carried out between 2-15 min of the chromatography, followed by a second divert to waste for 1
min prior to the next chromatographic sequence.
5.43.2 Parameters on the ESI source
The MS was tuned using T-2 toxin standard solution (10 pg/ml) by flow injection analysis
injected at 1 minute intervals monitoring the target ion [M+Na]^ at m/z 489.1. The voltage on the
ESI needle was set at 5.50 kV, producing a spray cunent of approximately 22 pA. The capillary
voltage was set at 30 V and the temperature of the heated capillary was 195 ®C. The sheath gas
flow rate used was 90 (arbitrary units) and the auxiliary gas was set to 20 (arbitraiy units). The
ion optic parameters were optimised: Tube Lens Offset (25.0 V); Octapole 1 Offset (-3.0 V);
Octapole 2 Offset (-7.0 V); Inter Octapole Lens Voltage (-16.0 V); Trap DC Offset Voltage (10.0 V). The microscan value was set at 3 ms and the maximum inject time was 50 ms.
5.4.3.3 Parameters on the APCI source
The MS was tuned using T-2 toxin standard solution (10 pg/ml) by flow injection analysis.
Standard T-2 toxin solution (5 pi) was injected with monitoring of the target ion [M+Na]^ at m./z
489.1, injected at 1 min intervals. The vaporiser temperature on the corona discharge needle was
450 ^C, the discharge voltage was set at 4.14 kV, producing a discharge current of approximately
5.50 pA. The capillary voltage was set at 30 V and the temperature of the heated capillary was
195 ^C. The sheath gas flow rate used was 90 (arbitrary units) and the auxiliary gas was set to 20
(arbitrary units). The voltages on the ion optics were the same as described previously for the
electrospray ionisation technique (section 5.4.3.2).
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Chapter 6

Characterization of Trichothecene Mycotoxins II:
^^Study of comparison using different ionisation sources
coupled to a triple quadrupole mass spectrometer”

6.1 Introduction
At present over 170 trichothecenes are known and have been isolated from natural sources,
generally fungal, but this number continues to increase [3], [4]. Trichothecenes belong to a group
of closely related sesquiterpenoids, their chemical structure consists of a 12,13-epoxitrichothec-9ene ring system with various functional groups attached [1].
One of the additional advantages in an ion trap mass analyser is the ability to isolate an ion,
induce its fragmentation, then isolate one of its products, induce its fragmentation and so on for
each MS stage to propose a fragmentation pathway for the toxins. However, the lineal range of
ion traps is not as good as triple stage quadrupoles.
In this chapter of the thesis it will be shown that the limits of detection and quantification are
better using a triple quadrupole mass spectrometer (QqQ). It is one of the most frequent tools
used for the quantitative analysis.
The triple stage quadrupole (Figure 6.1) is comprises of three quadrupole lens in tandem. The
first quadrupole referred to as Qi is a focusing lens to guide ions into the second quadrupole q2,
the collision cell where MS/MS can be performed. The third quadrupole, Q3 serves to focus the
product ions transmitted from q2 to the electron multiplier detector. The different modes of
operation are shown in table 6.1.

Table 6.1 Illustrates the scan modes possible in tandem MS performed on a triple quadrupole

Mode

MS'

MS^

Application

Product- ion

selecting

scanning

To obtain structural information from ions produced in the
ion source.

Precursor-ion

scanning

selecting

To monitor compounds which in CID give an identical
fragment ion.

Neutral-loss

scanning

scanning

MS' and MS^ are scanning at a fixed m/z difference: to
monitor compounds that lose a common neutral species.

SRM

selecting

selecting

To monitor a specific CID reaction.
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The product-ion scan function and neutral loss scan modes are very useful for quantitative
analysis of samples. Single reaction monitoring (SRM) and multiple reaction monitoring
(MRM) are the methods of choice to monitor a specific CID reaction. Precursor ion scan is
normally used to monitor compounds which in CID give an identical fragmentation.
The main advantages of the QqQ instrument are its versatility and easy to use. Triple
quadrupole is unbeatable for quantitative analysis of analytes in complex matrices because all
sample enters the collision cell, therefore selectivity is achieved and sensitivity enhanced by
applying MRM to analyse the compounds. For all these reasons the QqQ is often regarded as a
quantitative “workhorse”.

Q,
Select

02
Collisions

Q3
Scan

Figure 6.1 Schematic of triple stage quadrupole performing product ions scan

The triple stage quadrupole can be used in MRM or MS/MS product ion scan mode using
total ion chromatogram (TIC) for quantitative analysis. MRM provides the major sensitivity.
Lagana and co-workers have undertaken studies using APCI and TISP coupled to a QqQ in
MRM mode for the analysis of trichothecenes, the results were compared in both positive and
negative ion modes, it was found that the negative mode was more efficient [46].
In this chapter an investigation was carried out in positive ion mode to determine the best
means of quantitating trichothecenes. Three ionisation sources using MRM mode were applied,
including atmospheric pressure chemical ionisation (APCI), Turbo lonSpray (TISP) and Photo
lonSpray (APPI) coupled to a triple stage quadrupole mass spectrometer.
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APPI is a recent interface that offers an alternative method of introducing samples into the
MS. This ionisation source operates on a similar principal to standard APCI. However, ions are
generated via a UV source instead of the corona discharge voltage used in APCI. Samples
introduced through the heated nebuliser are sprayed with the aid of a nebulising gas into a heated
probe. Within the probe, the finely dispersed droplets of sample and solvent undergo a rapid
vaporization with minimal thermal decomposition. The gaseous sample and solvent molecules
are swept from the probe via the auxiliary gas into the photoionisation source block. A dopant
compound which is a compound for its ability to undergo photoionisation, is vaporised in the
auxiliary gas within the heated nebuliser probe. The dopant selected is usually toluene. When the
vaporised mixture enters the ionisation region, the dopant molecule captures most of the UV
radiation beam and is predominantly ionised because of its high concentration in the auxiliary gas
and important ionisation cross section [51], [52].
The sensitivity using each ion source for seven trichothecenes was determined. It is desirable
to generate the protonated molecular species [M+H]^, however different ion sources can display a
propensity towards production of ammonium [M+NH4]’^ or sodium [M+Na]"^ adducts. However,
this is a problem, especially for quantitation, where more the one than one adduct ion is present.
It is sometimes prudent, if for example, there is a strong [M+Na]^ ion along with the [M+H]^ ion
present in the spectra to add in a small quantity of ammonium acetate to convert all parent ions
into the sodiated form.
Therefore, the MS/MS spectrum shows fragment ions resulting from multiple collisions
and by several fragmentation pathways. Product ion data generated by the CAD process is
invaluable for structural elucidation and confirmation of analytes, especially in dirty samples. In
the triple quadrupole instrument it is no possible to study the fragmentation pathways of
molecules. For this reason, ion trap MS is a useful complementary technique. Product ion spectra
obtained in the triple quadrupole can be compared with fragmentation pathway information
obtained on the ion trap to aid in the structural elucidation of analytes and their isomers.
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6.2 Results and Discussion
In order to maximise sensitivity in single MS using different ionisation sources TISP, APCI
and APPI interface settings and MS parameters were optimised. These included: Dedusting
potential (DP), Focusing Potential (FP), Entrance Potential (EP), Collision Cell Exit Potential
(CXP). Collision Gas (CAD), Nebuliser Gas, Curtain Gas, ionspray voltage (IS) and capillary
temperature. The analyte was introduced into the MS in order to observe any fluctuations in ion
intensity. Flow injection analysis (FIA) was performed to optimise the voltages and focusing lens
to ensure maximum transmission of the analyte into the mass analyser and detector.

6.2.1. Optimisation of Parameters on the Turbo Ionspray source (TISP)
The mass parameters were optimised with 0.5 /xg/mL standard mix using flow injection
analysis (FIA), including Declustering Potential of (70V), Focusing Potential (250V), Entrance
Potential (7.0V), Collision Cell Exit Potential (9.0V), Collision Gas (3). The com.pound
independent parameters optimised were; Nebuliser Gas (10), Curtain Gas (12), Ionspray Voltage
(4000), capillary temperature (425°C). A summary of parameters is given in table 6.5.
All the products ions were chosen based on their prominence in the MS/MS spectra.
Product ion spectra were acquired in positive ion mode by colliding the Qi selected precursor ion
with argon gas in q2 operated in (rf) only mode while scanning the second quadrupole mass
spectrometer, Q3 in the range m/z 100-500.
The following table shows the parent [M-i-Na]^ and fragment ion combinations selected to
perform the analysis using the TISP ionisation source.
Table 6.2 Using Turbo Ion Spray in positive mode by MRM ,multireaction monitoring, the most intense ions are
shown on the table and corresponding to the sodium adducts [M+NaJ‘^

TISP-Turbo Ion
Spray
T-2 Toxin
T-2 Tetraol Tetracetate
Roridin A
4,I5Diacetylverrucarol
Diacetoxyscirpenol
Neosolaniol

Parent
Ion
[M-f-Na]^
[M-hNa]^
[M+Na]^
[M-hNa]^
[M-hNa]^
[M-hNa]^

Ql Mass
(amu)
489.0
489.0
555.0
373.0
389.0
405.0
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Q3 Mass
(amu)
245.0
287.0
325.0
105.3
155.0
105.0

Collision Energy
(eV)
40
40
50
50
40
70

6.2.2. Parameters on the APCI source
The mass parameters were optimised again using a 0.5 /tg/mL standard mix with flow
injection analysis (FIA), the optimised MS parameters were: Declustering Potential (40V),
Focusing Potential (250V), Entrance Potential (7.0V), Collision Cell Exit Potential (9.0V),
Collision Gas (3). The compound independent optimised parameters were: Nebuliser Gas (10),
Curtain Gas (12), capillary temperature (450°C). A summary of parameters is given in table 6.5.
All the products ions were chosen based on their abundance in the MS/MS spectra. Product
ion spectra were acquired in positive ion mode by colliding the Qi selected precursor ion with
argon gas in q2 operated in (rf) only mode and scanning the second quadrupole mass
spectrometer, Q3 in the range m/z 100-500. The most intense ions in the full scan spectra were the
ammonium adduct ions [M-f-NFC]^.

Table 6.3 Exhibits the most abundant fragment and parent ions observed using APCI interface

APCI
T-2 Toxin
T-2 Tetraol Tetracetate
Ron din A
4,15Diacetyl veiTucarol
Diacetoxyscirpenol
Neosolaniol

Parent Ion
[M-hNH4]^
[M-bNH4]^

[M+NFU]^
[M-f-NH4]^
[M-hNH4]^

[M-bNIU]^

Ql Mass
(amu)
484.0
484.0
550.0
368.0
384.0
400.0

Q3 Mass
(amu)
185.0
215.0
132.4
72.5
148.9
326.5

Collision Energy
(eV)
40
40
50
60
50
60

6.2.3. Parameters on the Photo Ion Spray (APPI)
The optimised MS parameters were as follows: Declustering Potential (30V), Focusing
Potential (120V), Entrance Potential (7.0V), Collision Cell Exit Potential (15.0V), Collision Gas
(3). The compound independent optimised parameters were: Nebuliser Gas (10), Curtain Gas
(12), lonspray Voltage (1300), capillary temperature (425°C). A summary of parameters is given
in table 6.5. In order to improve the ionization process, toluene was injected into the ionisation
source at 20 /xl/min flow rate.
All the products ions were chosen based on their relative abundance in the MS/MS spectra.
Product ion spectra were acquired as described in sections 6.2.1 and 6.2.2. The following table
shows the parent and fragment ion combinations selected to carry out the analysis using the APPI
interface. Using the APPI, the molecule related ion for T-2 Toxin, T-2 Tetraol Tetraacetate and
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Roridin A was [M+Na]^. In the full scan spectra for Neosolaniol, Diacetoxyscirpenol and 4,15
Diacetylverrucarol only the ammonium adduct ions [M+NH4]^ are observed. The parent-ion
combinations selected for the MRM analysis of each toxin are given in table 6.4.

Table 6.4 Multireaction monitoring (MRM) analysis using Photo Ion Spray (APPI) as ionisation source in positive
mode

APPI-Photo Ion Spray

T-2 Toxin
T-2 Tetraol etracetate
Roridin A
4,15 Di acetyl verrucarol
Diacetoxyscirpenol
Neosolaniol

Parent
Ion

[M-bNa]"'
[M+Na]^
[M+Na]^

Q1 Mass
(amu)

Q3 Mass
(amu)

Collision Energy
(eV)

489.0
489.0
555.0
368.0
384.5
400.0

245.0
287.0
325.0
297.2
307.1
304.5

40
40
50
20
20
20

Table 6.5 Summary of optimised parameters using TISP, APCI and APPI probes in positive mode.

MS Parameters

TISP

APCI

APPI

Declustering potential (V)
Focusing potential (v)
Entrance potential (v)
Collision cell exit potential (V)
Collision gas
Nebuliser gas
Curtain gas
lonspray voltage
Capillary temperature (°C)

70
250
70
9.0
3
10
12
4000
425

40
250
7.0
9.0
3
10
12

30
120
7.0
15.0
3
10
12
1300
425
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Analysis of complex matrices such as cereal extracts require, as well as efficient clean-up
procedures, highly selectivity analytical techniques to enable identification and quantification of
the toxin compounds. For this purpose the liquid chromatography tandem mass spectrometry
(LC/MS/MS) technique posses the separation capability of LC and the selective power of
MS/MS, therefore allows one to distinguish between peaks and unresolved analyte peaks.
A disadvantage of LC- single stage MS is the lack of structural information obtained in the
mass spectrum, in complex matrices it is difficult to identify the analyte ion. Therefore, is a
valuable tool for analysing real samples.
This study involved the evaluation of three ionisation sources TISP, APCl and APPI
interfaced to the triple quadrupole MS.
The TISP interface provides superior ionisation efficiency without thermal degradation of
labile compounds for improved sensitivity. The main advantage of the TISP interface is the
enhanced stability at high flow rates and using aqueous mobile phases.
The APCI interface can be used with high molecular weight compounds, with analytes of
different polarities or with difficult to ionise compounds. This is due to the fact that a chemical
reaction between the analyte and the solvent ions in the presence of a corona discharge voltage.
In a study conducted by Zhou et al, the TISP and APCI interfaces performed similarity [53].
The PhotoSpray (PSI) source expands the range of LC-MS applications and is a valuable
technique for low polarity compounds. The ions are generated by two primary mechanisms:
charge and photon transfer. An ionisable dopant, for example toluene, is used to provide an
abundant source of ions to transfer charge or photons from the solvent to the analyte, this
improves the ionisation efficiency, the dopant is normally added to eluate vapour at 5-15% of the
mobile phase flow rate.
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6.2.4 Study of comparison
Experiments were performed in positive mode using the three interfaces described. The
optimised parameters are listed in sections 6.2.1, 6.2.2, and 6.2.3 for each ionisation source
used.
Results of this preliminary study are presented in the following figure.6.2.

Figure 6.2 Comparison study for six trichothecenes in positive mode applying different ionisation sources interfaced
with a triple quadrupole detector. MRM was performed using the ion combinations listed on tables 6.2, 6.3, 6.4 for
TISP, APCI and APPI respectively

The highest response for T-2 toxin, T-2 tetraol tetraacetate, Roridin-A and 4,15
diacetylverrucarol, were obtained using the TISP ionisation. However the photoionisation source
was better for neosolaniol and diacetoxyscirpenol. The lowest response was obtained using
APCI.
The results of this studies indicate that APPI and TISP provide a good means of ionising the
aforementioned mycotoxins, and that TISP was the best interface.
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6.2.5 Calibration curves
Calibration curves were achieved using TISP for all trichothecenes. Multireaction monitoring
(MRM) was carried out on the [M+Na]"^ adduct ion for each toxin and the selected product ions
which are given on table 6.2.
The calibration curves (Figure 6.4) using the standards in the range of 0.5-10 /rg/ml (n=3)
applying MRM mode presented good linearity and correlation co-efficients (r^) of 0.9918 on
average for all trichothecene toxins analysed.
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Figure 6.4. Average calibration curve obtained using standards spiked into beer samples, obtained using LC-TISP
MS/MS (MRM). Each point represents the mean of triplicate analyses
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Table 6.6 Detection limits and correlation factors achieved applying TISP source with MRJVI.

Compound
T-2 toxin
T-2 Tetraoltetraacetate
Roridin-A
Diacetoxyscirpenol
4,15-diacetylverrucarol
Neosolaniol

Correlation Factor (r^)

Detection Limits (ng/ml)

0.9996
0.9892
0.9908
0.9926
0.9810
0.9977

0.1
0.2
0.2
60.0
1.2
3.0

2

All plots were linear and correlation co-efficients (r ) yielded values of 0.9996 for T-2 toxin,
0.9892 for T-2 tetraol tetraacetate, 0.9908 for Roridin-A, 0.9926 for 4,15 diacetylverrucarol,
0.9810 for diacetoxyscirpenol and 0.9977 for neosolaniol.
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6.3 Conclusions
The TISP used in conjuction with the triple quadrupole MS was found to be the best
ionisation source for the analysis of five of the mycotoxins. The TISP had a greater ionisation
efficiency than the APCI for the analysis of most these compounds.
The formation of abundant fragment ions by TISP using MRM allows reliable
quantification of the trichothecene mycotoxins in samples. Also because the TISP source has a
greater ionisation efficiency. It produces a high abundance of precursor ions, to enable MS/MS
fragmentation spectra to be generated which are rich in structurally ions.
TISP produced the greatest response for all the trichothecenes compounds with the
exception of neosolaniol and diacetoxiscirpenol, this is expected as PSI is more suitable for
generating ionisation from low polarity compounds.
Remarkably, the detection limits obtained using Turbo lonSpray with MRM on the triple
quadrupole MS were up to five order of magnitude (T-2 toxin) better than that achieved using
ESI-MS/MS on the ion-trap MS (chapter 5).
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6.4 Experimental

6.4.1 Material and Methods
HPLC-grade acetonitrile, methanol, toluene and water were purchased from Labscan
(Dublin, Ireland), trifluoroacetic acid (TFA) and Ammonium acetate was from Sigma-Aldrich
(Dorset, U.K.).
All trichothecenes standard toxins, were purchased from Sigma-Aldrich, Dublin, Ireland
Individual standard stock solutions containing 25 and 125ug/mL of toxins were obtained from
pure compounds by dilution with methanol. Working solutions were obtained from standard
stock solution by appropriate dilutions with methanol.
The standards were prepared in a matrix of 1ml non-contaminated beer after SPE clean-up,
using the ENVI-18 catridge following the procedure described in section 5.4.2.

6.4.2 Liquid Chromatography-Mass Spectrometry
6.4.2.1 HPLC conditions
The LC system was a Agilent 1100 series (Hewlet Packard, CA, USA) that included a
thermostated autosampler, operated at 4 ‘^C. Isocratic chromatography was performed using
acetonitrile-water (40:60) containing 0.05 % trifluoroacetic acid (TFA) and ImM Ammonium
acetate, at a flow rate of 200 pl/min, with a reversed phase column Ci8 Luna(2), 5 pm, 150 x 2.0
mm (Phenomenex, Macclesfield, UK) at 40 “C. Using an automated sequence, the eluent flow
was diverted to waste for 0.5 minutes after sample injection in order to reduce matrix interferants
entering the MS. MS detection was performed at five different periods of the chromatographic
run, followed by a second divert to waste for 1 min prior to the next chromatographic run.

6.4.2.2 Conditions on the Mass Spectrometer
LC/MS/MS analysis was performed with an API 3000 (triple quadrupole. Applied
Biosystems, California, USA) mass spectrometer using three different ionisation sources, TISP,
APCI and APPI.
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In order to get the maximum response in the multitoxin analysis, multiple reaction monitoring
(MRM) was employed using a dwell time 100 ms, the experiment was set to run at five different
periods facilitated by the retention times of the compounds. The same MS experiments was
performed with each of the ionisation sources. Table 6.7 shows the period number, duration and
target compounds.
Table 6.7.Periods performed on the triple quadrupole detector of six trichothecenes mycotoxins applying TISP,
APCI and APPI

Period Number

Compound

Duration (min)

1

Neosolaniol
Diacetoxyscirpenol
4,15 Diacetylverrucarol

4.0
4.5

2
3
4
5

T-2 Tetraol tetraacetate
Roridin A
T-2 Toxin
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3.25
2.25
4.0

Chapter 7

Characterization of Trichothecene Mycotoxins III:
“Structure elucidation and study of the fragmentation
pathways using multiple-stage mass spectrometry”

7.1 Introduction
Trichothecenes are a group of secondary fungi metabolites of mycotoxins produced by
Fusarium, which cause contamination of commodities [17],
Seven trichothecene mycotoxins were studied using a hybrid quadrupole/time-of-flight mass
spectrometer (QqTOF-MS). Nanospray was used to generate precursor ions for each toxin:
[M+Na]^, [M+NH4]'^ and [M+H]^. CED spectra were generated for each parent ion related ion
species were produced. In addition, the CID spectra showed characteristic cleavages for each of
the seven mycotoxins, the high mass accuracy data confirmed structural assignments of fragment
ions which were mainly due to the loss of acid functional group from the toxin molecules. The
MS/MS data are similar to data obtained using ESI tandem mass spectrometry studies outlined in
chapter 5. In all, most of the significant product ions were assigned to losses of water, carboxylic
acid, CO, CH2O and for T-2 toxin isovaleryl group (CH3)2CHCH2COOH).
All of the MS methods described can be applied to the detection and structural confirmation
of trichothecenes in real samples. Nanospray studies with the QqTOF-MS was very useful to
detennine characteristic fragment ions.
In the time of flight mass spectrometer (Figure 7.1), an ion packet is accelerated by a
potential into a field-free linear flight tube. The ion source must be pulsed in order to prevent
the simultaneous anival of ions of different m/z. The important features of a TOF include, high
transmission, fast scanning capabilities and an unlimited mass range. This mass range in a QIT
is higher than in a triple quadrupole, but lower than in a TOF mass spectrometer. The main
advantage of TOF mass analyser is its ease of use and the high mass accuracy data generated.
In most studies reported, positive ion detection, resulted in more structural information
about the mycotoxins. Typically positive mode CID spectra show losses of water, carboxylic
acid groups and CFI2O.
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The overall objectives of this chapter focus on the application of a quadrupole ion trap
(QIT) in positive mode to follow the fragmentation patterns in order to determine the
fragmentation pathways. Followed by the application of a hybrid quadrupole time-of-flight
(QqTOF) MS also operated in positive mode to structurally elucidate the trichothecenes and
confirm the fragmentation ions by high mass accuracy data.
The characteristic fragments in this group of compounds were found, which will enable one
to determine unknown trichothecenes and to develop a qualitative / quantitative LC-MS method
for real samples.

Figure 7.1 Quadrupole Time-of-Flight Mass Spectrometer
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7.2 Results and Discussion

7.2.1 Application of Ion-Trap MS"

MS" experiments in an ion trap mass spectrometer were carried out in order to confirm
fragmentation pathways for seven trichothecenes. The procedure is described in section 7.4.3.1,
the energies were optimised to generate the most abundant ions at each MS" stages.

7.2.1.1 Determination of MS fragmentation pathway for T-2 toxincf
Full-scan MS using positive ion mode gave the ammoniated adduction [M+NH4]' for T-2
toxin ds observed at m/z 487. An optimised relative collision energy (RCE) of 22 % produced
three prominent peaks in the MS/MS spectrum, at m/z 368, 308 and 245 with relative abundance
of 100, 75 and 50%, respectively. The peak at m/z 368 resulted from the loss of NH3 and the
isovaleryl group (’PrCH2C02H), extra losses of CH3COOH and Cd3COOH originated the peaks
at m/z 308 and 245 corresponded to [M+NH4-NH3- 'PrCH2C02H-CFl3C00H]' and [M+NH4NFl3-'PrCH2C02H-Cd3C00H]^, respectively. MS^ experiments were conducted on the three
most prominent ions m the MS espectrum. The ion at m/z 368 at an optimised relative collision
energy (RCE) value of 20% yielded a base peak of m/z 308 and a peak at m/z 245 resulting from
the loss of two successive carboxylic acid groups and one Cd3COOH group MS^ study on the
ion at m/z 245 using 20% RCE, resulted in the base peak at m/z 185 due to the loss of two CH2O
molecules. MS^ experiment on the ion at m/z 308 applying 30% RCE, generated ions at m/z 290,
245, 227 and 199 resulting from the losses of H2O, Cd3COOH and water, Cd3COOH, water and
CO, respectively (Figure 7.2). MS'^ experiments produced some fragmentation data but

reproducibility was poor (Figure7.3).
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Figure 7.2 ESI-MS^ spectrum of T-2 toxind3 obtained by trapping and fragmenting the ion at m/z 487 [M+NH4]^, at
22% relative collision energy (RCE)

Figure 7.3 Proposed MS fragmentation pathway for T-2 toxin d3 using QqTOF and QIT in positive ion mode. Parent
ion at m/z 487 in black, MS^ and MS^ ions in blue and green, respectively
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7.2.1.2 Determination of MS fragmentation pathway for T-2 toxin
Fragmentation studies were conducted on T-2 toxin by ion trap MS in positive mode using
the ammoniated adduct ion [M-fNH4]^ at m/z 484. Using a RCE of 21 % the MS^ spectra had
three prominent peaks at ni/z 365, 305 and 245 with relative abundance of 50, 100 and 90%,
respectively. The peak at m/z 365 resulted from the losses of NH3 and isovaleryl group
(‘PrCH2C02H) from the precursor ion, the peak at m/z 305 corresponded to the [M-t-NIU-NHs'PrCH2C02H-CH3C00H]^ ion, and the ion at m/z 245 resulted from the loss of an extra
carboxylic acid group and corresponded to the ion [M-1-NH4-NH3- ‘PrCH2C02H-2CH3C00H]^
ion. MS^ experiments were conducted on these ions. MS^ of the ion at m/z 365 ion using an
optimised (RCE) of 25% yielded a base peak at m/z 305 (80%) due to the loss of carboxylic acid,
the second peak observed in the MS^ spectrum was at m/z 245 (100%) corresponding to the loss
of tw'o CH3COOH molecules giving the ion fM+NH4-NH3- 'PrCH2C02H-2CH3C00H]^. MS^ of
ion at m/z 305 applying 25% RCE, generated ions at m/z 245, 227 199 and 185 resulting from the
losses of CH3COOH, CH3COOH, CH2CO and water, CH3COOH, water and CO (Figure 7.4).
Finally the ion at m/z 185 was due to the losses of CH3COOH and two CH2O molecules.
Although

experiments were performed, poor reproducibility was achieved (Figure 7.5).

Figure 7.4 Positive ESI-MS^ spectrum of T-2 toxin obtained by trapping and fragmenting the ion at ni/z 305
[M-1-NH4-NH3- 'PrCH2C02H-CH3C00H]'^ at 25% relative collision energy (RCE)
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Figure 7.5 Proposed MS fragmentation pathway for T-2 toxin using QqTOF and QIT in positive ion mode. Parent
ion at ni/z 484 in black, MS^ and MS^ ions in blue and green, respectively

7.2.13 Determination of MS fragmentation pathway for T-2 tetraol tetraacetate
Full-scan MS using positive ion mode gave the sodiated [M-t-Na]'^ adduct ion for T-2 tetraol
tetraacetate m/z 489. Using RCE of 28 % for MS^, three prominent peaks were observed in the
mass spectrum, at rn/z 429, 369 and 287 with relative abundance of 100% 25% and 80%,
respectively. The peaks at m/z 429 and 369 resulted from the successive losses of two CH3COOH
groups. The second ion apparent in the MS spectra was at m/z 287, corresponding to the loss of
two CH3COOH molecules and CH3COONa, resulting the following molecular ion [M-i-Na2CH3COOH-CH 3COONa]’^.

MS^ experiments were carried out on the nt/z 429 and 287 ions. MS^

of the m/z 429 ion using a RCE of 28% yielded a base peak at m/z 369 (70%) due to the loss of a
CH3COOH and a peak originated at m/z 287 (100%) as a result of the loss of two carboxylic acid
and CH3COONa groups. MS^ on the ion at m/z 287 using an optimised RCE of 28% generated
the following peaks at m/z 245 (45%), 227 (70%) and 199 (100%) (Figure 7.6). The ion at m/z
245 was originated due to the loss of CH2CO and the ion at m/z 227 resulted from the losses
CH2CO and FI2O or CFI3COOH and the peak at m/z 199 corresponded to the losses of CH3COOH
and CO. MS"^ experiments performed on the daughter ions of 287 namely the ions at m/z 227 and
nt/z 199, and the following results were obtained: MS*^ on the ion at m/z 227 using 35 % RCE
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yielded two base peaks at tn/z 209 (65%) and m/z 199 (100%) corresponding to losses of H2O and
CO, respectively. MS^ studies produced little fragmentation information (Figure 7.7).

mh

Figure 7.6 Positive ESl-MS^ spectrum of T-2 tetraol tetraacetate obtained by trapping and fragmenting the ion at n]/z
287 [M+Na- 2CH3COOH-CH3COONa]'^ at 28% relative collision energy (RCE)

17

Figure 7.7 Proposed MS fragmentation |)athway for T-2 tetraol tetraacetate using QqTOF and QIT in positive ion
mode. Parent ion at ni/z 489 in black, MS", MS'^ and
ions in blue, green and red, respectively
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7.2.1.4 Determination of MS fragmentation pathway for Neosolaniol
Full-scan MS using positive ion mode gave as the ammonium adduct ion [M+NH^]"^ for
Neosolaniol at m/z 400. Using RCE of 20 % for MS^, three prominent peaks were observed in the
mass spectrum, at m/z 365, 305 and 275 with relative abundances of 70, 100 and 28%,
respectively. The peak at m/z 365 resulted from the losses of NH3 and water, consecutive losses
of CH3COOH, water and CH2O generated the peaks at m/z 305 [M-i-NH4-NH3-H20-CH3COOH]^
and m/z 275 [M-i-NH4-NH3-H20-CH3C00H-CH20]^, respectively. MS^ experiments produced
reproducible data only on the m/z 305 ion. Using an optimised relative collision energy (RCE) of
25% on the m/z 305 ion generated the following peaks at m/z 275 (30%), 245 (60%), 227 (80%)
and 199 (100%) resulting from the losses of CH2O, CH3COOH, CH3COOH and water,
CH3COOH, water and CO, respectively (Figure 7.8).

experiments produced fragmentation

data, reproducibility was poor (Figure 7.9).

Figure 7.8 Positive ESI-MS^ spectrum of Neosolaniol obtained by trapping and fragmenting the ion at ni/z 305
1M+NH4-NH3-H20-CH3C00H]^ at 25% relative collision energy (RCE)
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Figure 7.9 Proposed MS fragmentation pathway for neosolaniol using QqTOF and QIT in positive ion mode. Parent
ion at m/z 400 in black, MS^ and MS^ ions in blue and green, respectively.

7.2.1.5 Determination of MS fragmentation pathway for Diacetoxyscirpenol
Full-scan MS was performed using positive ion mode produced the ammonium adducts ion
[M+NHaJ"^ for DAS at m/z 384. Using RCE of 22 % for MS^, three prominent peaks were
observed in the mass spectrum, at m/z 367, 349 and 307 with relative abundance of 18, 70 and
100%, respectively (Figure 7.10). The peak at n^z 367 resulted from the loss of NH3 group. MS^
ion at m/z 349 corresponded to the loss of NH3 and H2O, and the ion at n]/z 307 resulted from the
losses of NFI3 and CH3COOH. MS^ experiments were carried out on the three most prominent
ions in the MS^ spectrum namely m/z 367, 349 and 307. MS^ of the ion at m/z 367, using a RCE
of 25% yielded a base peak of in/z 349 (25%) corresponding to the loss of H2O, an ion at m/z 307
(100%) due to the loss of CH3COOH and an ion at m/z 289 (100%) resulting from the loss of
carboxylic acid and H2O. MS^ of the ion at m/z 349 using an optimised RCE of 25% gave the
following peaks m/z 307 (60%), 289 (100%) and 247 (60%) and 229 (32%). The ion at m/z 307
resulted from the loss of CH2CO, the ion at m/z 289 corresponded to the loss of CH3COOFI and
CH2CO, the ion at m/z 247 resulted from the loss of CH2CO and CH3COOH, the ion at m/z 229
corresponded to the loss of CH3COOH, CF12CO and H2O. However, MS^ on the ion at m/z 307
produced the following four prominent ions at m/z 289 (19%), 247 (100%), 229 (65%), 199
(20%) corresponding to the losses of H2O, carboxylic acid, carboxylic acid and H2O, and
carboxylic acid, CH2CO and one water molecule, respectively. The ions at nt/z 229 and m/z 199
were assigned to the fragment ions [M-1-NH4- NH3115

2CH3C00H-H20]’^

and [M-1-NH4- NH3-

2CH3C00H-2H20]^, respectively.

experiments performed on the daughter ions of 307

namely the ions at m/z 247, ni/z 229 and ni/z 199. The following results were obtained:

on

the ion at m/z 247 at 28 % RCE yielded three base peaks at m/z 229 (100%), m/z 201 (50%) and
m/z 199 (42%), corresponding to losses of H2O, H2O and CO, and CH2O and H2O, respectively.
on the ion at m/z 229 yielded also three prominent fragment ions at m/z 211 (33%), m/z 201
(100%) and m/z 173 (55%) corresponding to the loss of H2O and two successive losses of CO
molecules, respectively.

on the ion at in/z 199 were not reproducible. MS^ studies produced

little fragmentation (Figure 7.11).

Figure 7.10 Positive ESI-MS^ spectrum of DAS obtained by trapping and fragmenting the ion at ni/z 384 [M+NH4]\
at 22% relative collision energy (RCE)
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7.2.1.6 Determination of MS fragmentation pathway for 4,15 diacetyl verrucarol
Full scan MS using positive ion mode was perfoiTned and gave the ammoniated adduct ion
[M+NH4]^ for 4, 15 diacetyl ven'ucarol observed at m/z 368. Using RCE of 20 % for MS^
produced three prominent peaks in the MS/MS spectrum, at m/z 351, 291 and 231 with relative
abundance of 55, 100 and 70%, respectively. The peak at m/z 351 resulted from the loss of NH3,
extra losses of NH3 and carboxylic acid groups originated the peaks at m/z 291 [M+NH4-NH3CH3C00H]^ and 231 [M+NH4-NH3-2CH3COOH]^, respectively. MS‘^ experiments were
conducted on the ion at m/z 291. Using a RCE of 25% gave the following peaks at m/z 249
(100%) and 231 (70%) resulting from the losses of CH2 CO and CH3COOH, respectively (Figure
7.12).

experiments were carried out on these ions. The fragment ions from m/z 249 were:

231 (100%) and 203 (90%) corresponded to the losses of H2O and H2O and CO, respectively,
conducted on the ion m/z 231 yielded the base peaks at m/z 213 (100%) and m/z 203 (30%)
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due to the loss of a H2O and CO molecules. MS^ studies could not be conducted as the
fragmentation data obtained was not reproducible (Figure 7.13).
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Figure 7.12 Positive ESl-MS"^ spectrum of 4,15 diacetyl verrucarol obtained by trapping and fragmenting the ion at
ffi/z 291 [M+NH4-NH3-CH3C00H]^, at 25% relative collision energy (RCE).
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Figure 7.13 Proposed MS fragemtation pathway for 4, 15 diacetylverrucarol using QqTOF and QIT in positive ion
mode. Parent ion at ni/z 368 in black, MS^ and MS^ ons in blue and green respectively.
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72.1.7 Detemiination of MS fragmentation pathway for Roridin-A
The molecular related ion [M+H]^ in the full scan spectrum of Roridin-A was observed at m/z
533. MS^experiments were carried out on the ion at m/z 533 using RCE of 20 %, four prominent
peaks were observed in the MS^ spectrum, at m/z 403, 385, 333 and 249 with relative abundance
of 100, 25, 58 and 76%, correspondingly. The peak at m/z 403 resulted from the cleavages of
bonds C1-C5. The loss of H2O from this fragment originated the peak at m/z 385. The peak at m/z
333 was formed for the neutral loss of 200 Da, corresponding to cleavages at C4-O and Cg-O, the
fragment ion at m/z 249 is attributable to the cleavages at C4-C1. MS^ of the peak at m/z 403 at
20% RCE gave m/z 385 (32%), 249 (100%) and 231 (30%) (Figure 7.14), the latter is attributable
to the loss of one water molecule from m/z 249.

Figure 7.14 Positive ESI-MS^ spectrum of Roridin-A obtained by trapping and fragmenting the ion at ni/z 403 at
20% relative collision energy (RCE) using a ThermoFinnigan LCQ quadrupole ion-trap mass spectrometer
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MS were conducted also on ions at tn/z 385, 333 and 249 giving common fragment ions at
ni/z 231 and 249 respectively.

experiments were conducted on the ions at m/z 385 and 249

giving a common ion ni/z 231, resulting from the loss of a water molecule from m/z 249. These
spectra were identical to those obtained from selecting the ammonium adduct ions as precursors.
MS^ studies showed poor reproducibility. (Figure 7.15).

Figure 7.15 Final proposed fragmentation pathway for Roridin-A using QqTOF and QIT in positive ion mode.
Parent ion at ni/z 533 in black, MS^, MS^ and MS'* ions in blue, green and red, respectively

120

7.2.2 Confirmation of fragment ions using QqTOF mass spectrometer
The main ions in the spectra of trichothecenes originate from backbone fragmentation. Such
fragment ions were evident in the MS/MS spectra of trichothecenes obtained using nanosprayQqTOF.
The theoretical accurate mass values were obtained using the accurate mass calculator in the
CHEMWIN program for the [M+Na]^ [M+H]^ [M+NH^]^ ions (listed in table 7.1). The
theoretical accurate mass value of the three parent ions for each trichothecene mycotoxins were
used as mass calibrants in order to achieve high accurate mass on the observed fragment ions.

Table 7.1 High mass accuracy data obtained using QqTOF-MS for [M+Hr, IM+NH4]\ [M+Na]"^ ions of each
trichothecenes studied

Compound

fM+Na]^

[M+NH4l^

[M+nr

T-2 toxin
T-2 tetraol tetraacetate
Roridin-A
Diacetoxyscirpenol
4,15-diacetyl verrucarol
Neosolaniol

489.2100
489.1736
555.2570
389.1576
373.1627
405.1525

484.2546
484.2182
550.3016
384.2022
368.2073
400.1971

467.2281
467.1917
533.2750
367.1756
351.1807
383.1709

Several additional CID experiments were conducted applying collision energies for each
precursor ion using collision energies in the range 10-80 V to verify the general dissociation
behaviour of trichothecenes and to determine the accurate mass of product ions. The effect of
increasing the collision energy affected on the relative abundant of the precursor and product ions
for all toxins studied. Additional fragment ions were present in the QqTOF mass spectra that
could not be observed in spectra generated using the ion trap mass spectrometer especially for the
lower ni/z fragment ions, which are excluded from the trap as a consequence of “1/3 rule”.
Tables 12 -7.8 summarise the observed accurate masses of the product ions for all toxins
studied using the QqTOF-MS. Usually, the toxins produced [M-I-Na]^, [M+H]^, [M+NIU]^
precursor ions, using the Nanospray source. CID spectra contained fragments resulting from the
loss of water, carboxylic acid, CH2O, CO and ammonia for all the toxins. T-2 toxin and T-2 toxin
d3 showed a characteristic loss of the isovaleryl functional group. Roridin A exhibited fragment
ions formed by cleavage at the exocyclic ester bridge, characteristic of the macrocyclic
trichothecenes group.
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The most abundant fragment ions found were assigned (tables 7.2 -7.8) and the spectrum
obtained for each trichothecene are depicted on figures 7.16 -7.22. The major fragments obtained
for the trichothecenes are similar due to common neutral losses from the structurally similar
compounds. The observed neutral losses included carboxylic acid, water, CH2O, NH3, and CO.
However, since Roridin-A is a macrocyclic trichothecene its fragmentation differs from the
others.
The fragmentation of each compound was studied selecting the following precursor ions:
[M+Na]"^, [M4-H]^and [M-i-NH4]^. MS/MS of the [M-i-NH4]^ adduct ion gave the most
informative spectra for most toxins. However, Roridin-A and T-2 tetraol tetraacetate [M-t-H]"^ and
[M-f-Na]^ gave better fragmentation spectra.
Multiple fragmentations are observed in the MS/MS spectra generated in the collision cell of
the QqTOF-MS. It is therefore not possible to determine fragmentation pathways using this
instrument. At the front of the collision cell a precursor ion may collide and fragment, owing to
an excess of vibrational energy. Consequently, further secondary collisions can be produced on
the resulting product ions. For that reason, the spectra have fragment ions, which were obtained
by multiple collisions and by several fragmentation pathways. Product ion data information is
however invaluable for structural elucidation and confirmation.
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Figure 7.16 CID spectra of ammonium adduct using nanospray QqTOF of T-2 toxin da (peaks are assigned in Table
7.2)
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Figure 7.19 CID spectra of ammonium adduct using nanospray QqTOF of Diacetoxyscirpenol (peaks are assigned in
Table 7.5)
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Figure 7.20 CID spectra of ammonium adduct using nanospray QqTOF of 4, 15Diacetyl veiTucarol (peaks are
assigned in Table 7.6)
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Figure 7.22 CID spectra of ammonium adduct using nanospray QqTOF of Roridin-A (peaks are assigned in Table
7.8)
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7.2.3 General findings on the MS fragmentation of trichothecenes
Trichothecenes are a group of compounds that are characterised as possesing a double bond,
an epoxide ring and also a variable number of hydroxyl and acetoxy groups. Examination of the
MS/MS and MS" spectra reveal a tendency by these compounds to undergo successive losses of
water, carboxylic acid, CO and CH2O groups. The common ions in the mass spectra of these
compounds are [M+H-H2O]', [M+H-CHsCOOH]^ [M+H-CH20]^ [M+H-CO]^ An unusual
fragment was found for T-2 toxin due to the loss of the i-valC02H, ((CH3)2CHCH2COOH),
portion of the molecule. The MS and MS studies for Roridin-A generated fragment ions,
unobserved in the spectra of the other toxins because this trichothecene is macrocyclic. These
experiments aid the structural elucidation and fragmentation pathway determination of this
diester. The structures of product ions were postulated and the observed neutral losses identified.
Most of the fragment ions were formed by bond fractures at the ester groups and ether linkages in
the exocyclic ring. The product ions generated from neutral losses were structurally assigned
using accurate mass data obtained in QqTOF-MS.
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7.3 Conclusions

An optimised LC-MS" method using QIT that enabled the fragmentation pathway to be
elucidated for seven trichothecenes was developed. The confirmation of the assigned fragments
were conducted using mass accuracy data experiments. The parameters and characteristic
fragments were determined using QqTOF-MS and these parameters were used as the basis for the
development of a triple quadrupole MRM method.
This study demonstrates how different MS techniques (QIT and QqTOF) compliment each
other by providing valuable insights into how these molecules fragment. This allows for the
development of LC-MS techniques which are capable of identifying unambiguously these toxins
in a wide variety of samples.
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7.4 Experimental

7.4.1 Material and Methods
All trichothecenes standard toxins, were purchased from Sigma-Aldrich, Dublin, Ireland.
HPLC-grade acetonitrile, methanol and water were purcharsed from Labscan, Dublin, Ireland
and Ammonium acetate from Sigma-Aldrich (Dorset, U.K.).

7.4.2 Liquid chromatography-mass spectrometry (LC-MS)
7.4.2.1 Conditions on the HPLC coupled to QIT
The LC system was a Waters 2690 Alliance (Waters Corporation, Milford, MA, USA)
that included a thermostated autosampler, operated at 4 “C. Isocratic chromatography was
performed using acetonitrile-water (40:60) containing 0.05 % trifluoroacetic acid (TFA) and
ImM Ammonium acetate, at a flow rate of 200 pl/min, with a reversed phase column Cig
Luna(2), 5 pm, 150 x 2.0 mm (Phenomenex, Macclesfield, UK) at 40 ®C. Using an automated
sequence, the eluent flow was diverted to waste for 1 min after sample injection in order to
avoid matrix sample effect into the source. MS detection was carried out between 2-15 min
of the chromatography, followed by a second divert to waste for 1 min prior to the next
chromatographic sequence.
7.4.2.2 Conditions on the QIT MS
Mass spectral analyses were performed using an LCQ ion trap mass spectrometer
(TheiTnoFinnigan, San .lose, CA, USA). MS experiments were carried out using electrospray
ionisation (ESI) in positive mode as detailed previously. The LCQ was tuned using T-2 toxin
standard solution (10 pg/ml) by flow injection analysis in Tune plus (Excalibur software). The
voltage on the ESI needle was set at 5.50 kV, producing a spray current of approximately 22
pA. The capillary voltage was set at 30 V and the temperature of the heated capillary was 195
®C. The sheath gas flow rate used was 90 (arbitrary units) and the auxiliary gas was set to 20
(arbitrary units). The ion optic parameters were optimised: Tube Lens Offset (25.0 V);
Octapole 1 Offset (-3.0 V); Octapole 2 Offset (-7.0 V); Inter Octapole Lens Voltage (-16.0
V); Trap DC Offset Voltage (-10.0 V). The microscan value was set at 3 ms and the
maximum inject time was 50 ms.
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7.4.2.3 Conditions Multiple tandem MS experiments on the QIT MS
In ThermoFiningan LCQ, the energy that is applied to trapped the ions is called, relative
collision energy (RCE). The RCE value varies in the range 0-100% and corresponds to 0-5 V
peak to peak of resonance excitation RF voltage. Several scan events were prescribed to run
simultaneously in the instrument for [M+Na]^, [M+H]^, [M+NH4]^ of each toxin separately.
The first scan event was full-scan MS to acquire data on ions in the range m/z 50-600. MS^
experiments were performed on each ion ramping the RCE (10-70%) to reveal the major
fragmentation pathway and also to optimise the energy required to obtain the optimum
population of target ions for subsequent MS stages.
The predominant product ions, acquired at the optimised RCE value (30%), were selected
for MS^ experiments where the RCE was again ramped from 10-70% to establish the next
generation ions. MS"^ studies were carried with the most abundant ions obtained on MS^
experiments.

7.4.2.4 Conditions on the TOF Mass Spectrometer
A quadrupole/time-of-flight mass spectrometer (Qstar, Applied Biosystems, Foster City,
CA, USA) with a nanospray (ES023C, Protana, Denmark) ion source was used to produce
collision ionisation dissociation (CID) spectra in positive mode. Trichothecenes standards
were dissolved in methanol (10 pg/ml). CID spectra were obtained from the ions, [M+H]^,
[M+NH4]'^, [M+Na]^, for the trichothecenes studied. 2.0 M ammonium acetate (5 pi) was
mixed in a polypropylene insert with a 10 pi solution of each toxin. The solution to be
analysed (5-10 pi) was loaded into a nanospray capillary (Long NanoES spray capillary,
ES381, Protana, Denmark) using a 0.5-10 pi eppendorf GELoader tip and spun briefly using a
TOMY PMC-060 Capsulefuge to remove air bubbles. Once opened, an ion source voltage
(IS) of lOOOV was applied to the tip of the nanospray capillary to generate a spray. The range,
m/z 50 - 600 was scanned and the voltages used were; declustering potential (DP) = -70V,
focusing potential (FP) = 250V, declustering potential-2 (DP2) = 9V, collision gas (CAD) = 3
(arbitrary units). The values for ion release delay (IRD) and ion release width (IRW) are
directly related to the mass range being scanned when using the ‘enhance all ions’ function.
Collision energies from 10 up to 80 V were used during acquisitions.
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